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bstract

In this work, the conductive-diamond electrochemical oxidation of several short-chain organics (2-propanol, ethanol, butyric acid and chloroacetic
cid) has been studied. The results obtained have been compared with those obtained in the oxidation of these compounds with Fenton reagent
nd with ozone at pH 12. Significant differences have been observed among the three technologies and also between the two ranges of pollutant
oncentrations studied. However in both cases, the performance of the CDEO overcomes the results obtained by the oxidation with ozone and
ith Fenton reagent. Likewise, the oxidation with ozone seems to be more effective that the oxidation carried out by the Fenton reagent. Except

or ethanol, the nature of the organic does not seem to influence on the performance of the electrochemical technology. However, the efficiencies

ere found to strongly depend on the concentration of pollutant. In spite of that, the CDEO is able to reduce completely the COD content of the
astes. On the contrary, important concentrations of oxidation-refractory compounds were accumulated during ozonation and Fenton treatments.
he mean oxidation state of carbon of the final products obtained by the three technologies is different and this suggests significant differences in

he oxidation mechanisms.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

During the recent years, many works have been focused on the
tudy of new technologies for the treatment of industrial wastes
olluted with organic compounds. The treatment of these flow-
treams by conventional technologies is not easy. The mixture
f compounds usually dissatisfies the recovery of the organics,
he low calorific power of the wastes frustrates the use of incin-
ration, and the non-biodegradability disappoints the biological
reatment. Under these circumstances the use of advanced oxi-
ation processes (AOPs) appears as a very promising answer
o solve the environmental problem generated by the discharge

f these effluents. Advanced oxidation processes are defined as
xidation processes in which hydroxyl radicals are the main
xidants involved. This radical is a very powerful oxidant (E0,
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tion; Fenton process

.80 V vs. SHE) which leads to a very effective oxidation pro-
ess. As a result, the results reported in literature [1–13] show
hat the technologies are very efficient. However, large amounts
f oxidation-refractory compounds are usually obtained at the
nd of the process. This behaviour is explained in terms of
he reactivity of hydroxyl radicals with some simple organic
ntermediates formed during the oxidation of the organic pollu-
ants, such as acetic and oxalic acids, acetone or simple chloride
erivatives as chloroform or tetrachloroethane. For this reason,
n order to increase the organic matter removal, several authors
ropose to combine these processes with other type of treatments
f.i. biological process) [14–16] or in other cases, to add some
mprovements to enhance the performance of the AOPs [17,18].

In this context, during the recent years a new electrochemical
echnology which is also based on the use of hydroxyl radicals

and consequently can be classified as an AOP) and which does
ot lead to the accumulation of oxidation-refractory organics
as emerged: the conductive-diamond electrochemical oxida-
ion (CDEO). It has been widely studied for the treatment of a

mailto:manuel.rodrigo@uclm.es
dx.doi.org/10.1016/j.electacta.2007.09.022
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reat variety of synthetic and real industrial wastes, both in lab
nd bench-scale plants [19–34]. The main result of these studies
s that this technology allows obtaining the almost complete min-
ralization of the organics contained in the wastes with very high
urrent efficiencies. These excellent results have been related to
he great chemical and electrochemical stability of conductive-
iamond and also to the high overpotential for water electrolysis.
n addition, it has been demonstrated that its large electrochem-
cal window favors the production of hydroxyl radicals that can
ontribute to the oxidation process [35]. This fact has allowed
lassifying formally the CDEO as an AOP. In addition, it is also
eported [36] that besides hydroxyl-radicals oxidation, CDEO
ombines others oxidation mechanisms such as direct electroox-
dation on the surface and oxidation mediated by other oxidants
lectrogenerated on the surface from the electrolyte salts.

The coexistence of these three oxidation mechanisms gives to
DEO an important advantage in comparison with other AOPs

uch as Fenton oxidation and ozonation, which are going to
e used in this work for comparison purposes. These technolo-
ies are some of the simplest AOPs. However, in both cases
he role of the hydroxyl radicals has been largely studied and
onsequently they are good candidates to compare the role of
hese radicals. Fenton process is an advanced oxidation technol-
gy in which a mixture of hydrogen peroxide and iron(II) salts
s added directly to the wastewater. This mixture promotes the
ppearance of hydroxyl radicals by catalytic decomposition of
ydrogen peroxide, and this increases strongly the efficiency of
he process (if compared with hydrogen peroxide conventional
xidation). In addition to the oxidation, the iron(III) ions gen-
rated during the oxidation stage promote the removal of other
ollutants by coagulation and sedimentation. In the same way,
zonation is one of the most widely used advanced oxidation

echnologies. Ozone is itself a very powerful oxidant (E0, 2.07
s SHE) and, in certain conditions, it can decompose and lead to
he formation of hydroxyl radicals (f.i. at pH close to 12, which
s going to be the conditions used in this work). In this later case,
he process efficiencies are strongly increased.

Thus, the goal of this work is to compare two simple advanced
xidation processes (ozonation at pH 12 and Fenton oxidation)
ith CDEO in the treatment of several short-linear-chain organ-

cs. To do this, it has been selected 2-propanol, ethanol, butyric
cid and chloroacetic acid as model compounds of aliphatic alco-
ols and carboxylic acids. These molecules are not specially
nown to be refractory to oxidation by hydroxyl radicals but
hey are very representative compounds of the type of inter-

ediates that can be generated during the oxidation of more
omplex molecules. The results obtained will be used to guess
ome points about the role of hydroxyl radicals on oxidation
arried out by the three advanced oxidation processes.

. Experimental

.1. Analytical procedure and determination of

nstantaneous current efficiency (ICE)

The carbon concentration was monitored using a Shimadzu
OC-5050 analyzer. Chemical oxygen demand (COD) was

O

T
t
r
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etermined using a HACH DR2000 analyzer. Measurements of
H and conductivity were carried out with an InoLab WTW
H-meter and a GLP 31 Crison conductimeter, respectively.

The COD method was used for the determination of the
nstantaneous current efficiency (ICE). In this method, ICE is
alculated [37] from the measured COD values using Eq. (1).

CE = [CODt+�t − CODt]FV

8I�t
(1)

here COD0, CODt and CODt+�t are the COD (in g O2 dm−3)
t times 0, t and t + �t (in seconds), respectively, I is the current
ntensity (A), F is the Faraday constant (96,487 C mol−1), V is
he volume of the electrolyte (dm3) and 8 is a dimensional factor
or unit consistence (32 g O2 mol−1 O2/4 mol e−1 mol−1 O2).

.2. Determination of the mean oxidation state of carbon

The mean oxidation state of carbon (MOSC) can be calcu-
ated from the values of TOC and COD using Eq. (2):

OSC = 4

(
1 − COD

TOC

)
(2)

here COD is the chemical oxygen demand (in mol O2 dm−3)
nd TOC is the total carbon (in mol C dm−3), respectively. This
arameter oscillates between −4 for the minor oxidation state
CH4) and +4 for the major oxidation state (CO2).

.3. Determination of the oxygen-equivalent
hemical-oxidation capacity (OCC)

To compare the performance of different AOP it is desirable
ne parameter which quantifies in arbitrary units the oxidants
dded to the waste. In this work, it is proposed to use the oxygen-
quivalent chemical-oxidation capacity (OCC) that is defined
s the kg of O2 that are equivalent to the quantity of oxidant
eagents used in each AOP to treat 1 m3 of wastewater [38].
he OCC has the same purpose that the frequently used chem-

cal oxygen demand (COD) which quantifies the kg of oxygen
equired to oxidize chemically any given reduced species present
n a wastewater (although the actual chemical oxidation essay
s carried out with permanganate or dichromate). The main dif-
erence between them is that the COD is used to determine the
oncentration of organic substrate contained in the waste and the
CC is proposed to quantify the amount of oxidant supplied in

he oxidation process. This parameter is related to the different
xidants used in the three advanced oxidation processes studied
n this work according to Eqs. (3)–(5).

CC (kg O2 m−3) = 0.298·Q (kA h m−3) (3)

CC (kg O2 m−3) = 1.000·[O3] (kg O3 m−3) (4)

−3 −3
CC (kg O2 m ) = 0.471·[H2O2] (kg H2O2 m ) (5)

hese equations are obtained from stoichiometrical calculations,
aking into account the number of electrons exchanged in the
eduction of the different oxidants (for the case of ozone and
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The synthetic wastewaters used in this work contained dif-
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ydrogen peroxide) and also the faraday number in the case of
DEO.

.4. Conductive diamond electrochemical oxidation

In this work, the CDEO assays were carried out in a single-
ompartment electrochemical flow-cell working under a batch
peration mode [26]. Diamond-based material was used as
node and stainless steel (AISI 304) as cathode. Both electrodes
ere circular (100 mm diameter) with a geometric area of 78 cm2

nd an electrode gap of 9 mm. The wastewater was stored in
glass tank (0.6 dm3) and circulated through the electrolytic

ell by means of a centrifugal pump (flowrate 2.5 dm3 min−1).
heat exchanger coupled with a controlled thermostatic bath

Digiterm 100, JP Selecta, Barcelona, Spain) was used to main-
ain the temperature at the desired set point. The experimental
etup also contained a cyclone for gas–liquid separation, and
gas absorber to collect the carbon dioxide contained in the

ases evolved from the reactor into sodium hydroxide. Boron-
oped diamond films were provided by CSEM (Switzerland)
nd synthesized by the hot filament chemical vapour deposition
echnique (HF CVD) on single-crystal p-type Si (100) wafers
0.1 � cm, Siltronix). Electrolyses were carried out in galvanos-
atic mode. During the electrolyses no control of pH was carried
ut.

.5. Ozonation

Ozonation experiments were carried out by continuously
eeding an ozone–oxygen gas stream in a mixed semi-batch
ubble reactor (continuous for gas and batch for liquid). This
eactor consist of a 2.5 dm3 jacketed cylindrical Pyrex glass
ank equipped with a porous gas distribution plate and baffles to
ncrease the capacity of absorption of ozone. A mechanical stir-
er (IKA WERKER model EUROSTAR DIGITAL, Germany)
nd a recycle pump (Emapompe, model P 022 Plastomec) are
lso use to promote the absorption of ozone and to obtain good
ixing conditions. Pure oxygen taken from a commercial cylin-

er was fed into an ozone generator (Ambizon, Model GMF-10,
istemas y Equipos de Ozonización S.L., Madrid, Spain) which

s able to produce a maximum mass flow rate of 10 g h−1. In
he generator outlet, the stream was dried with a sample con-
itioner (Sample conditioning system, model SC-010-R AFX,
istemas y Equipos de Ozonización S.L., Madrid, Spain). The
oncentration of ozone in the gas at the reactor outlet and inlet
as measured with an ozone meter (Ozone analyzer, Model H1
FX, Sistemas y Equipos de Ozonización S.L., Madrid, Spain)

nd its calibration was carried out iodometrically [39]. Dissolved
zone concentration in the liquid phase was determined spec-
rophotometrically (600 nm) from discoloration of the resulting
olution, by the Karman indigo method [40]. In the experiments
escribed in this work, the ozone–oxygen mixture gas stream
as sparged with a constant flow rate of 0.5 dm3 min−1 (flow
ontroller Cole Parmer, model #: 32907-39) and the average
roduction of ozone was around 1 g h−1. The volume of wastew-
ter treated in each assay was 2 dm3 and it was place inside the
eactor previous to the experiments. To increase the mixing con-

f
o
c
5
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itions, the stirring rate of the mechanical stirrer was adjusted
o 550 rpm and the flow recycled to 67.5 dm3 h−1. The ozone
enerator was switched on previous to the experiments, and
nly when the desired ozone percentage in the ozone–air gas
as reached (steady state conditions) the ozone–oxygen mix-

ure gas stream started to be sparged into the reactor. During
he experiments sodium hydroxide was added to the reactor to

aintain the pH in a set point close to 12 ± 0.1. According to
iterature [41,42], this is an optimum pH to promote the gener-
tion of hydroxyl radicals due to the radicalary decomposition
f the ozone molecules. The temperature was also maintained
uring operation at 25 ◦C using a thermostatic bath (Tectron,
odel 3473200 Selecta, Madrid, Spain) by circulating the water

hrough the jacket reactor to ensure a constant temperature inside
he reactor.

.6. Fenton process

Fenton oxidation assays were carried out in lab-scale ther-
ostated mixed batch reactors. The experimental setup consists

f a multistirrer device (Ikamag RO 5 power, IKA-WERKE
mbH & Co. KG, Staufen, Alemania) with 15 mixing sites

oupled with a controlled thermostatic bath (Digiterm 100, JP
electa, Barcelona, Spain). Pyrex flasks (250 cm3) hermetically
ealed and equipped with magnetic stirrers were used as reactors.
hey were submerged in the thermostatic bath. In every assay,

he reactors were filled with 100 cm3 of wastewater. Then, the
ron dose was added (as FeSO4·7H2O) and the pH was adjusted
o 3 ± 0.1 with sodium hydroxide or sulphuric acid. According
o literature [43,44], this is the optimum pH to promote the for-
ation of hydroxyl radicals in a Fenton process. In every case,

he reaction was started by adding the dose of hydrogen perox-
de. Preliminary experiments were carried out to determine the
eaction time needed to meet the steady state conditions. From
hese experiments a reaction time of 4 h was selected (more than
hree times higher than the worse value obtained in the previous
xperiments). Once the reaction time was finished TOC, COD,
V–vis spectra and hydrogen peroxide were measured in every

eactor. Then, the steady state conditions were assured by a later
easure (after 1 h). Hydrogen peroxide was measured according

o Eisenberg [45]. This is a well-known colorimetric technique
ased on the reaction of hydrogen peroxide with a titanium sul-
hate reagent. The COD value (that takes into account both the
ontribution of organics and hydrogen peroxide) was corrected
ith the value of hydrogen peroxide to obtain the COD value

ssociated to the organic pollutants contained in the wastes. Sev-
ral set of experiments were carried out to determine the range of
ydrogen peroxide and iron needed to obtain optimum results.

.7. Wastewater characterization
erent concentrations (around 100, 2000 and 4000 mg dm−3

f COD) of aliphatic alcohols (2-propanol, ethanol) or
arboxylic acids (butyric acid and chloroacetic acid) and
000 mg Na2SO4 dm−3.
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. Result and discussion

.1. Electrochemical oxidation of acyclic organic
ompounds. General behaviour

Fig. 1 shows the changes (with the specific charge passed) of
he COD and TOC during the CDEO of synthetic wastes polluted
ith different concentrations of 2-propanol (T, 25 ◦C; neutral
H; j, 30 mA cm−2; supporting medium, Na2SO4 5000 ppm).

As it can be seen, the electrochemical process can success-
ully remove almost all the COD and TOC contained in the
ynthetic wastes, even for high concentrations of 2-propanol.
he decrease of the COD seems to be linear with charge for a
ide range of COD (oxidation rate not depending on the concen-

ration of COD). This means that the process is not mass-transfer
ontrolled for high concentration of COD, but controlled by
he Butler–Volmer kinetic. However, the change of the COD
ecomes exponential for lower COD and, as it can be observed
n Fig. 2, there is a clear correlation between the instantaneous
urrent efficiency (ICE) and the COD. This type of variation is
haracteristic of electrochemical oxidation of aqueous wastes
olluted with organics [26] and it has been well explained in

iterature [19–21] in terms of the controlling mechanisms of
he electrochemical process (electrodic or mass transport). In
his context, the continuous line is not a trend line but the sim-
lation of a model [19–21] which considers both behaviours,

ig. 1. Variation of COD (a) and TOC (b) with the specific electrical
harge passed in the electrochemical oxidation of a synthetic wastewater pol-
uted with different concentrations of 2-propanol. (�) 4150 mg O2 dm−3, (�)
000 mg O2 dm−3, (�) 105 mg O2 dm−3 (natural pH; 5000 mg Na2SO4 dm−3;
, 25 ◦C; i, 30 mA cm−2).
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nd which assumes a maximum value of ICE for COD over
given value (CODmass transfer

lim ), and a linear decrease of ICE
own to zero for lower COD. It has to be taken into account
hat the model only assumes oxidation on the electrode sur-
ace or mediated oxidation by hydroxyl radicals in the nearness
f this surface. The value of CODmass transfer

lim has been deter-
ined experimentally from a typical ferrocyanide/ferrycyanide

ssay (1580 mg dm−3) [46] and also by mathematical fitting of
he experimental data obtained in the electrolyses of 2-propanol
1790 mg dm−3). This parameter is related with the mass trans-
er coefficient (km, 1.4 × 10−5 m s−1) and the applied current
ensity (jappl, A m−2) through Eq. (6), where COD (t) is the
hemical oxygen demand at time t (mol O2 m−3) and F is the
araday constant (96,487 C mol−1).

ODmass transfer
lim = jappl

4Fkm
(6)

According to literature [26] the discrepancy in both values can
e explained by the effect of mediated electrochemical oxida-
ion processes, that extends the oxidation to the whole reaction
olume and not only to the closeness of the anodic surfaces.
n this context, it is known that the electrochemical oxidation
f wastewaters on conductive-diamond anodes can lead to the
lectrosynthesis of different oxidants such as peroxosulphates
47], peroxophosphates [48], hypochlorite [49], peroxocarbon-
tes [50], etc. depending on the waste composition (especially
n the pH and on the electrolyte salts) and on the operation con-
itions. This chemical oxidation can play an important role in
he overall electrochemical oxidation process of organics, and
n several cases [29,30,34] these mechanisms can be even more
mportant that the direct oxidation mechanism itself.

The performance observed in the electrolyses of 2-propanol
s also repeated in the electrochemical oxidation of two of
he other model-pollutants studied in this work (butyric and
hloroacetic acids) but not for the oxidation of ethanol. This
an be clearly observed in Fig. 3. In this case, the current effi-

iency values are significantly smaller that those predicted by
he model [19–21,26] (which assumes ICE = 1 for COD over

given value, and a linear decrease of ICE down to zero for
ower COD), particularly at low concentrations. In addition, the

ig. 2. Variation of the instantaneous current efficiency (ICE) with the
OD in the electrochemical oxidation of wastewaters polluted with different
oncentrations of 2-propanol. (�) 4150 mg O2 dm−3, (�) 2000 mg O2 dm−3,
�) 105 mg O2 dm−3 (natural pH; 5000 mg Na2SO4 dm−3; T, 25 ◦C; i,
0 mA cm−2).
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Fig. 3. Variation of the instantaneous current efficiency (ICE) with the
COD in the electrochemical oxidation of wastewaters polluted with differ-
e −3 −3
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Fig. 4. Changes in the removal percentage of COD (a) and of TOC (b)
with the OCC parameter, during the oxidation of a synthetic wastewater
polluted with 2-propanol (COD0: 105 mg dm−3) by CDEO (�), Fenton oxi-
dation (�) and Ozonation (�). Operation conditions. CDEO: natural pH;
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nt concentrations of ethanol. (�) 4000 mg O2 dm , (�) 2000 mg O2 dm ,
�) 100 mg O2 dm−3 (natural pH; 5000 mg Na2SO4 dm−3; T, 25 ◦C; i,
0 mA cm−2). Continuous line: ethanol. Discontinuous line: 2-propanol.

hanges of the ICE with the CODeffect
lim is not linear but expo-

ential. According to literature [36], this fact can be indicative
f a more complex oxidation phenomenon with a larger influ-
nce of the direct electro-oxidation process (and especially of
he adsorption of ethanol onto the diamond surface, which can
ontrol the later oxidation process). The formation of solid mate-
ials (probably of polymeric nature) during the very initial stages
f the ethanol electrolysis can support this assumption, that was
reviously formulated [36] for the oxidation of phenol at a very
ow overpotentials in conditions in which the effect of hydroxyl
adical oxidation could be neglected.

.2. Oxidation of 2-propanol solutions with Fenton reagent
nd with ozone (pH 12). Comparison with the CDEO

Results obtained in the electrolysis of 2-propanol solutions
ave been compared to those obtained in the oxidation of this
ynthetic waste with Fenton reagent and with ozone (at pH
round 12). In both technologies, the primary oxidation mecha-
ism is assumed to be the oxidation by hydroxyl radicals [2,9].
onsequently, the comparison of the results obtained by these

echnologies with the ones obtained by the electrochemical oxi-
ation can be used to guess some insights about the oxidation
echanisms in this later process.
To compare the results obtained with different oxidation

echnologies in terms of equivalent doses of oxidants, a new
arameter has been recently proposed in literature: the OCC
oxygen-equivalent chemical-oxidation capacity) [38]. This
arameter informs about the chemical efficiency of the oxidants
sed in each process and it quantifies the oxidants added to the
aste with the same arbitrary units (kg O2 m−3 of wastewater).
Figs. 4 and 5 show, for the three oxidation technologies, the

hanges of the COD and TOC with the dose of the oxidant
dded, in the treatment of solutions of 2-propanol with low (COD
round 102 mg dm−3) and high (COD around 2 × 103 mg dm−3)

nitial concentration of this compound. In the first case, the elec-
rochemical process is clearly mass-transport controlled while
n the second there is a long period in which the treatment is not
ontrolled by mass transport.

c
o
r
a

000 mg Na2SO4 dm−3; T, 25 ◦C; i, 30 mA cm−2. Fenton process, pH 3; T,
5 ◦C; Fe2+, 42 mg dm−3. Ozonation: ozone production, 1 g h−1; T, 25 ◦C; pH
2.

Significant differences are observed between both figures,
specially in the results obtained by the electrochemical process.
owever in both cases, the performance of the CDEO overcomes

he results obtained by the oxidation with ozone and with Fenton
eagent. Likewise, the oxidation with ozone seems to be more
ffective that the oxidation carried out by the Fenton reagent.

At low pollutant concentrations, the CDEO allows obtain-
ng almost quantitative removal of the COD for OCC doses
ver 2 kg O2 m−3. However, for these OCC the complete min-
ralization of the wastes is not reached, and the TOC removal
ontinues increasing with the dose of oxidant added. This fact
an only be explained in terms of the formation of intermediates
ith a very low ThOD/TOC ratio (maybe, very oxidized car-
oxylic acids, although no intermediates could be identified by
PLC). The oxidation of these compounds could produce a large
ecrease of total organic carbon without a significant change
n the COD. Oxidation with ozone (pH 12) and with Fenton
eagent lead to less efficient processes and an accumulation of
xidation-refractory compounds is observed in both cases. This
ccumulation is especially important in the case of the Fenton
rocess in which the maximum COD removal is under 60%.
he TOC changes are similar to those obtained in the electro-

hemical processes, and this can only be interpreted in terms
f the formation of intermediates with a higher ThOD/TOC
atio and with a very low oxidation rate. These results are in
greement with other works in literature, which shows a difficult
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Fig. 5. Changes in removal percentage of COD (a) and of TOC (b) vs.
the OCC parameter, during the oxidation of a synthetic wastewater polluted
with 2-propanol (COD0: 2000 mg dm−3) by CDEO (�), Fenton oxida-
tion (�) and Ozonation (�). Operation conditions. CDEO: natural pH;
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000 mg Na2SO4 dm−3; T, 25 ◦C; i, 30 mA cm−2. Fenton process: pH 3; T,
5 ◦C; Fe2+, 2000 mg dm−3. Ozonation: ozone production, 1 g h−1; T, 25 ◦C;
H 12.

xidazability of aliphatic compounds by Fenton and by ozona-
ion with very low efficiencies [51,52]. Likewise, very similar
esults have been found in the ozonation and Fenton oxidation
f the other compounds studied in this work (ethanol, butyric
cid and chloroacetic acid). These results will be discussed in
he next section of this paper.

At high initial COD, the results found were very different.
s it can be seen almost the complete elimination of the COD

nd even the complete mineralization of the organic matter con-
ained in the waste is obtained by CDEO. The ozonation process
mproved the removal percentage for both COD and TOC but
till it is less efficient that the electrochemical process. However,
he results obtained by Fenton treatment are very similar to those
btained at low initial concentration and an important fraction of
efractory carbon remains at the end of the treatment. The pres-
nce of these refractory compounds is a major disadvantage for
he introduction of theses technologies at industrial scale and for
he treatment of highly-loaded wastes, since it leads to the use
f a refining process to reduce the oxidation-refractory COD.

The different behaviour observed for the three oxidation tech-
ologies studied in this work, has to be explained in terms of the

xidation mechanisms involved in each technique. It is assumed
hat in these three processes, the hydroxyl radicals are implicated
n the oxidation [2,9,35], but according to the results, these huge
ifferences have to be explained by the action of other oxidants.

i
l
b
f
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s it is known, the hydroxyl radical is a powerful oxidant but it
as been found that, for different causes, it is inefficient in the
xidation of some of the simplest organic compounds, such as
cetic and oxalic acids, acetone or simple chloride derivatives as
hloroform or tetrachloroethane [1,8]. In the case of CDEO, the
igher efficiencies help to confirm that there are other impor-
ant oxidation processes that complement the hydroxyl radicals

ediated oxidation [36]. Among them, two can be of special
mportance: the direct electro-oxidation on the BDD surface
nd the oxidation mediated by other electrochemically-formed
ompounds generated in this electrode, due to the oxidation
f salts present in the electrolyte. Thus, in the recent years it
as been demonstrated the formation of powerful oxidants such
s peroxosulphates, peroxophosphates, hypoclorites or peroxo-
arbonates, etc by oxidation of sulphates, phosphates, chloride
nions or carbonates, respectively [47-50]. In the same way,
he better results observed in the oxidation with ozone can be
xplained by the effect of the molecular ozone, which is very
ifferent to the effect of hydroxyl radical [7–9,11,12]. The low
xidation power of the molecular hydrogen peroxide explains
he worse results obtained by the Fenton technology, in which
he effect of the hydroxyl radicals is, probably, the lone oxidative

echanism.

.3. Comparison of the three technologies in the oxidation
f short-linear-chain organics

Figs. 6 and 7 compare for low (COD around 102 mg dm−3)
nd high (COD around 2 × 103 mg dm−3) initial concentration
f pollutants, respectively, the maximum removal percentages
f COD and TOC obtained in the treatment of aqueous solu-
ions of the model-compounds by the three studied oxidation
echnologies.

As it was previously discussed in the case of 2-propanol,
ignificant differences can be observed among the three tech-
ologies and between the two ranges of pollutant concentrations.
owever, the main conclusions obtained for 2-propanol are valid

or the other compounds studied in this work.
In the oxidation of weakly-loaded synthetic wastes (Fig. 6),

he CDEO allows obtaining the highest removal percentages
or both COD and TOC, with almost quantitative removal of
he COD and very high removals of TOC (the electrochemi-
al experiments were finished when the oxidation rates become
lmost negligible, but a certain oxidation capability existed still
n that moment). The ozonation process achieves significant
emoval percentages of COD but an important concentration of
xidation-refractory compounds appears. These circumstances
re magnified in the case of the Fenton oxidation, where the
atio of refractory compounds is always over 25% in terms
f COD and over 50% in terms of TOC. It is important to
ote that the formation of refractory compounds is higher in
he oxidation of ethanol suggesting an important role of the
ature of the organics in the oxidation pathway. Thus, due to

ts simplicity the oxidation of the molecule of ethanol can only
ead to very small number of intermediates, while the possi-
ilities of formation of other compounds increase significantly
or the others compounds. This helps to explain the accumu-
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Fig. 6. Removal percentage of COD (a) and TOC (b) during the oxidation
of synthetic wastewater polluted with 2-propanol, ethanol, butyric acid and
chloroacetic acid by CDEO ( ), Fenton oxidation ( ) and ozonation (�). Ini-
tial concentration: 100 mg dm−3 of COD. Operation conditions. CDEO: natural
pH; 5000 mg Na2SO4 dm−3; T, 25 ◦C; i, 30 mA cm−2. Fenton process: pH 3; T,
25 ◦C; Ozonation: ozone production, 1 g h−1; T, 25 ◦C; pH 12. Fe2+: 2-propanol
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Fig. 7. Removal percentage of COD (a) and TOC (b) during the oxidation
of synthetic wastewater polluted with 2-propanol, ethanol, butyric acid and
chloroacetic acid by CDEO ( ), Fenton oxidation ( ) and Ozonation (�).
Initial concentration: 2000 mg dm−3 of COD. Operation conditions. CDEO:
natural pH; 5000 mg Na2SO4 dm−3; T, 25 ◦C; i, 30 mA cm−2. Fenton pro-
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can be observed in part a, the CDEO obtains the highest ε
42 mg dm−3), ethanol (50 mg dm−3), butyric acid (100 mg dm−3), chloroacetic
cid (50 mg dm−3).

ation of oxidation-refractory compounds in the treatment of
thanol.

In the oxidation of highly-loaded synthetic wastes (Fig. 7)
he CDEO gets again the best removal percentages and also
zonation and mainly the Fenton leads to the accumulation of
efractory compounds. Usually, the trends are similar to the
btained working at low initial concentration, even though the
emoval percentages are significantly increased, especially in
he Fenton oxidation.

From the results discussed, it is clear that a certain accu-
ulation of oxidation-refractory organics appear during the

reatments. Fig. 8 shows the changes in the MOSC (mean oxi-
ation state of carbon) from the initial to the final step of the
xidation processes. This parameter ranges between −4 for the
inor oxidation state of carbon (CH4) and +4 for the major oxi-

ation state (CO2) and informs qualitatively about the nature
f the organics from measurements of TOC and COD. As it
an be expected, CDEO achieves the almost complete min-
ralization of carbon (MOSC close to +4) in every case. The
OSC of the final products obtained by ozonation (around +3)

s normally higher that the ones obtained by Fenton (around +2).

hese values suggest that the refractory compounds formed in

he oxidation technologies are of different nature and they also
ndicate the necessity of complementing both treatments with

f
t
a

ess: pH 3; T, 25 C; ozonation: ozone production, 1 g h ; T, 25 C; pH
2. Fe2+: 2-propanol (2000 mg dm−3), ethanol (500 mg dm−3), butyric acid
1000 mg dm−3), chloroacetic acid (1000 mg dm−3).

ther technologies to complete the treatment of wastes polluted
ith aliphatic compounds.
In addition to the treatment (removal of COD) and the

ineralization (removal of TOC) capacities, other important
arameter which helps to compare oxidation technologies is
he efficiency in the use of the oxidant reagents (dose of oxi-
ant required to remove a given amount of COD or TOC). As
t has been shown the efficiency depends on the concentration
f organics and this dependency is especially important for very
ow concentrations. For this reason, in this work this parame-
er has only been evaluated for the oxidation essays of highly
olluted wastes and for removal percentages of 50%. These con-
itions were arbitrarily selected, since for all these cases there
as a linear correlation between the COD and the dose of oxi-
ant added, and consequently the efficiency does not depend
mportantly on the concentration of pollutant. The efficiency in
he removal of COD (εCOD) ranges from 0 to 1 g of COD per

of OCC while the efficiency in the removal of TOC (εTOC)
anges from 0 to 0.25 g of COT g−1 of OCC.

Fig. 9 shows the values calculated for both parameters. As it

COD

or all the compounds studied. These efficiencies were close
o the maximum for the oxidation of 2-propanol, butyric acid
nd chloroacetic acid and they decrease to 0.5 g of COD g−1 of
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Fig. 8. Variation between the initial (�) and the final mean oxidation state of
carbon during the oxidation of synthetic wastewaters polluted with 2-propanol,
ethanol, butyric acid and chloroacetic acid by CDEO ( ), Fenton oxidation
( ) and ozonation (�). (a) Initial concentration: 100 mg dm−3 of COD; Fe2+,
2-propanol (42 mg dm−3), ethanol (50 mg dm−3), butyric acid (100 mg dm−3),
chloroacetic acid (50 mg dm−3). (b) Initial concentration: 2000 mg dm−3 of
COD. Fe2+: 2-propanol (2000 mg dm−3), ethanol (500 mg dm−3), butyric acid
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Fig. 9. Effectivity of the use of oxidant reagents in the elimination of the COD
and the TOC in the treatment of synthetic wastewaters polluted polluted with
2-propanol, ethanol, butyric acid and chloroacetic acid by CDEO ( ), Fen-
ton oxidation ( ) and ozonation (�). Initial concentration: 2000 mg dm−3

of COD. Operation conditions. CDEO: natural pH; 5000 mg Na2SO4 dm−3;
T, 25 ◦C; i, 30 mA cm−2. Fenton process: pH 3; T, 25 ◦C; ozonation: ozone
p
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generation. Hence the oxidation of these intermediates should
be less favored than the oxidation of the initial compounds. For
the ozonation and Fenton oxidation, the low values of the εTOC

Table 1
Reaction rate of hydroxyl radicals with organics

Organic Rate/dm3 (mol s)−1 Reference

2-propanol 1.9 × 109 [53]
Ethanol 1.9 × 109 [53]
1000 mg dm−3), chloroacetic acid (1000 mg dm−3). Operation conditions.
DEO: natural pH; 5000 mg Na2SO4 dm−3; T, 25 ◦C; i, 30 mA cm−2. Fenton
rocess: pH 3; T, 25 ◦C; ozonation: ozone production, 1 g h−1; T, 25 ◦C; pH 12).

CC in the oxidation of the synthetic wastewater polluted with
thanol. As it has been previously discussed, the formation of
olymeric materials during the first stages and the reversibil-
ty of some of the oxidation reactions on the cathodic surface
an explain this lower value. Results obtained by the Fenton
nd the ozonation technologies are worse than the obtained
y the electrochemical technologies and they seem to depend
n the nature of the pollutant. The maximum εCOD obtained
n the ozonation was 0.3 g COD g OCC−1 and the efficiencies
ecrease in the sequence alcohol – carboxylic acid – chloro-
ubstituted carboxylic acid. This series can be explained taking
nto account that the Cl− and –COOH groups are electron-
ithdrawing groups and these groups are weakly reactive to
zone [51]. The Fenton process obtains the lowest efficiency
alues in most cases. This can be explained in terms of the
ower oxidation capacity of hydroxyl radicals towards these
ompounds [52], and it also suggests the existence of other addi-
ional oxidation mechanisms in the oxidation with ozone and in

he electrochemical oxidation with diamond anodes [11,12,36].
able 1 shows the reaction rate of hydroxyl radicals with sev-
ral aliphatic alcohols and carboxylic acids. The higher value
f εCOD in the oxidation of butyric acid is an important dif-

B
P
A
C

roduction, 1 g h−1; T, 25 ◦C; pH 12. Fe2+: 2-propanol (2000 mg dm−3),
thanol (500 mg dm−3), butyric acid (1000 mg dm−3), chloroacetic acid
1000 mg dm−3).

erence with ozonation and it can be explained by the higher
ction of hydroxyl radicals (promoted in the Fenton process)
ith the increasing number of carbons in the aliphatic molecule

see Table 1).
Part b of Fig. 9 shows the influence of the nature of the pollu-

ant on the values of εTOC. The CDEO again presents the highest
fficiency values, although in this case the COT OCC−1 values
re lower comparatively than the COD OCC−1 values, and they
re far away from the maximum value. This can be interpreted in
erms of the accumulation of intermediates during the first stages
f the electrochemical oxidation, with a small carbon dioxide
utyric acid 2.2 × 109 [54]
ropionic acid 6.2 × 108 [54]
cetic acid 1.7 × 107 [55]
hloro-acetic acid 4.3 × 107 [56]
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ndicate the formation of huge amounts of intermediates and the
ow tendency to mineralize the waste [1–18].

. Conclusions

From this work the following conclusions can be drawn:

Results obtained in the oxidation of 2-propanol, ethanol,
butyric acid and chloroacetic acid with Fenton reagent, ozone
at pH 12, and with electrochemical oxidation with diamond
anodes, show significant differences. Due to the importance
of mass transport in the electrolytic technology, the pollutant
concentrations also influence importantly on the performance
comparison.
In the oxidation of weakly-loaded synthetic wastes, the CDEO
allows obtaining the highest removal percentages for both
COD and TOC, with almost quantitative removal of the
COD and very high removals of TOC. The ozonation pro-
cess achieves significant removal percentages of COD but an
important concentration of oxidation-refractory compounds
appears. These circumstances are magnified in the case of the
Fenton oxidation, where the ratio of refractory compounds is
always over 50% in terms of TOC.
In the oxidation of highly-loaded synthetic wastes the CDEO
obtains again the best removal percentages and also ozonation
and mainly the Fenton process lead to the accumulation of
refractory compounds. Usually, the trends are similar to the
obtained working at low initial concentration, even though the
removal percentages are significantly increased, especially in
the Fenton oxidation.
The final products formed in the three oxidation technologies
are of different nature. CDEO achieves the almost com-
plete mineralization of carbon (MOSC close to +4) in every
case. The MOSC of the final products obtained by ozonation
(around +3) is normally higher that the ones obtained by Fen-
ton (around +2). These huge differences in the final products
suggest significant differences in the oxidation mechanisms.
Although it is assumed that the hydroxyl radicals are impli-
cated in the three oxidation technologies, the different
behaviour observed have to be explained by the action of other
oxidants. The low oxidation power of the molecular hydrogen
peroxide can explain the worse results obtained by the Fen-
ton technology, in which the effect of the hydroxyl radicals
is, probably, the lone oxidative mechanism. In the oxidation
with ozone the better results can be explained by the effect
of the molecular ozone, which is known to be very differ-
ent to the effect of hydroxyl radical. In the case of CDEO,
the direct electro-oxidation on the diamond surface and the
oxidation mediated by other electrochemically-formed com-
pounds generated on this electrode (due to the oxidation of
salts present in the electrolyte) can contribute to improve the
mineralization and the efficiency of the process.
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