
Fuel 198 (2017) 82–90

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Repositorio Institucional de la Universidad Autónoma del Estado de México
Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier .com/locate / fuel
Full Length Article
Synergic effect of ozonation and electrochemical methods on oxidation
and toxicity reduction: Phenol degradation
http://dx.doi.org/10.1016/j.fuel.2016.10.117
0016-2361/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding authors.
E-mail addresses: groam@uaemex.mx (G. Roa-Morales), reynanr@gmail.com

(R. Natividad).
Deysi Amado-Piña, Gabriela Roa-Morales ⇑, Carlos Barrera-Díaz, Patricia Balderas-Hernandez,
Rubí Romero, Eduardo Martín del Campo, Reyna Natividad ⇑
Centro Conjunto de Investigación en Química Sustentable CCIQS, UAEM-UNAM, Facultad de Química, Universidad Autónoma del Estado de México,
UAEMex Carretera Toluca-Atlacomulco, km 14.5, C.P. 50200 Toluca, Mexico
h i g h l i g h t s
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mineralization of phenol when
compared to O3 alone.
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mineralization and on diminishing
toxicity.
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(O3-EO).
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The degradation of phenol was studied under three chemical environments, ozonation (O3), electro-
oxidation (EO) and ozonation-electro-oxidation (O3-EO) coupled process. The parent compound concen-
tration was established by UV–Vis spectrophotometry while the by-products were identified by HPLC.
This allowed proposing a mechanism of phenol oxidation during the coupled process. This coupled pro-
cess was found to practically mineralize all phenol (TOC removal = 99.8%) under pH 7.0 ± 0.5 and at a cur-
rent density of 60 mA cm�2, 0.05 L min�1 flowrate, ozone concentration of 5 ± 0.5 mg L�1. Furthermore, it
was found that the coupled process is practically twice faster than the EO process alone to achieve a high
degree of mineralization. In this sense, it was concluded that ozone alone only partially mineralizes the
phenol molecule and mainly leads to the formation of aliphatic compounds. In addition, the toxicities of
phenol and its degradation products were established by using a bioassay with lettuce seeds. It was con-
cluded that, unlike ozonation, the coupled oxidation process not only mineralizes the organic molecule
but also completely eliminates the toxicity of the treated phenolic solution.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Some main organic pollutants of water are oil, gasoline, plastics,
pesticides, solvents and detergents, among many other water-
soluble and water-insoluble chemicals that threat human health
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and damage aquatic life. Some of these substances can cause kid-
ney disorders, birth defects and various cancers even at very small
concentration. This is the case of phenolic compounds, which are
used in a wide variety of industrial processes such as the produc-
tion of pesticides, resins, nylon, antioxidants, plasticizers, drugs,
dyes, explosives, oil additives and disinfectants [1–3]. In this con-
text and due to its toxicity and persistence, phenol mineralization
is of paramount importance for the environment protection. To
achieve so, several technologies are available. However, among
all these treatments, Advanced Oxidation Processes (AOP’s) emerge
as promising methods for wastewater treatment because they
have been reported to be relatively simple, easy to control, and
result in a high oxidation degree and compatibility with the envi-
ronment [4–7].

Ozonation (O3) and electro-oxidation (EO) chemical methods
can be found among these AOP’s. Some information considered
as relevant of each treatment and helpful to improve the under-
standing of the coupled treatment is below presented.

1.1. Ozonation

Ozone (O3) is a weak polar (0.53 D) and highly reactive mole-
cule that exhibits a high redox potential (2.07 V vs. NHE) only
below atomic oxygen (2.42 V vs. NHE) [8]. In wastewater treat-
ment, ozone can play different roles and these are mainly: disinfec-
tant or biocide, oxidant to remove organic pollutants, and as pre-or
post-treatment agent to aid other processes, i.e. flocculation or
sedimentation [9].

In ozonation, the oxidation of organic pollutants can occur via
(a) direct electrophilic attack by molecular ozone (known also as
ozonolysis) and this proceeds at acidic or neutral pH and is a selec-
tive reaction resulting in the formation of carboxylic acids as end
products that cannot be oxidized further by molecular ozone and
(b) indirect attack through the formation of stronger oxidant spe-
cies like hydroxyl radicals (HO�) [10,11]. Therefore, the pH of the
effluent is a major factor determining the efficiency of the ozona-
tion process since it can alter both, the chemistry and kinetics of
the oxidation process.

The generation of hydroxyl radicals occurs by the following
reactions (1)–(11) [12],

O3 þ OH� ! HO�
2 þ O2 ð1Þ

O3 þ HO�
2 ! HO�

2 þ O��
3 ð2Þ

HO�
2 ! O��

2 þ Hþ ð3Þ

O��
2 þHþ ! HO�

2 ð4Þ

O3 þ O��
2 ! O��

3 þ O2 ð5Þ

O��
3 þH2O ! HO� þ O2 þ OH� ð6Þ

O��
3 þHO� ! HO�

2 þ O��
2 ð7Þ

O3 þ HO� ! HO�
2 þ 2O ð8Þ

HO�
2 þ Hþ ! H2O2 ð9Þ

H2O2 ! HO�
2 þ Hþ ð10Þ

O3 þ HO� ! O3 þ OH� ð11Þ
These reactions are promoted either under alkaline conditions

or under the presence of initiators like hydrogen peroxide or ultra-
violet light. Yet, the improvement of ozonation efficiency is desir-
able in order to decrease ozone consumption and to fully oxidize
compounds like humic substances or oxalic acid [8]. In this sense,
the coupling of ozonation and electrochemical treatment has
already been proven [13–16] to exert a positive synergic effect
on oxidation rate and mineralization degree.
1.2. Electro-oxidation

This process consists on the generation of highly oxidant spe-
cies by electrolysis. The main operational variables affecting the
efficiency of this process are pH, current density, electrochemical
cell design, physicochemical properties of reacting solution, elec-
trolyte type and concentration, pollutant concentration and nature,
electrodes material and geometry. The most oxidizing specie pro-
duced during electro-oxidation is the hydroxyl radical (HO�) at
the anode surface [17] by water oxidation. The availability of oxy-
gen is also important since can be reduced to hydrogen peroxide or
water at the cathode under acidic pH. The produced hydrogen per-
oxide can then react with the hydroxyl radicals at the anode to
generate hydroperoxyle radicals (reaction (12)),

H2O2 þ HO� ! H2Oþ HO�
2 ð12Þ

Nevertheless, the low efficiency of the anode has motivated the
assessment of a wide variety of electrode materials such as gra-
phite [18], platinum [19], IrO2 [20], RuO2 [21], SnO2 [22], PbO2

[23] and boron-doped diamond (BDD) [17]. Among all these mate-
rials, PbO2 and BDD electrodes are more attractive because of its
high oxygen overpotential [24].

However, previously conducted research [25,26] suggests that
caution must be taken when BDD electrodes are used for the oxi-
dation of chloride-containing waters because BDD electrodes can
form twice faster ClO4

� than other electrodes, i.e. Pt, IrO2, IrO2,
RuO2. This has been ascribed to the ability of the BDD electrodes
to promote the interaction between ClO3

� and HO� at high concen-
trations resulting in the production of ClO4

�, ClO3
�, or ClO2, chlorine

(Cl2) and hypochlorous acid/hypochlorite (HOCl/OCl�) and other
compounds (i.e. halogens). The detrimental effect of chlorides
has been suggested [25] to be minimized by working at relative
low current densities (650 A m�2). Other disadvantage of using
BDD electrodes is their high cost mainly due to the substrate
(Nb, W, Ta) onto which the BDD film is deposited.

In the context of electrochemical technologies, it is of para-
mount importance to reduce the treatment time without sacri-
ficing efficiency since many electrodes exhibit a relative short life
and high cost. It should be kept on mind that electrochemical treat-
ment time is directly correlated with energy consumption and
therefore treatment cost. This has motivated the coupling with
other treatments like ozonation.
1.3. Ozonation-electrooxidation coupled process (O3-EO)

This process consists on the addition of ozone to the electro-
chemical cell where an oxidation is being conducted. If hydrogen
peroxide is demonstrated to be in-situ produced then this treat-
ment is also known as electroperoxonation. The in-situ hydrogen
peroxide production is expected to occur, as abovementioned, by
the cathodic reduction of oxygen under acidic conditions. The
source of oxygen can be either the ozone stream or some ozone
reactions (i.e. reactions (1), (5) and (6)). It has been shown [27] that
when a carbon-PTFE electrode is used as cathode and other mate-
rial as anode, a high hydrogen peroxide concentration is achieved.

Despite the disadvantages of BDD electrodes mentioned in Sec-
tion 1.2, the anodic oxidation with this type of electrodes has
received special attention [28,29]. Actually, high concentrations
of hydrogen peroxide have also been achieved when BDD elec-
trodes are used as anode and cathode.
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Although previous research [13–15] indicates important results
when electrochemical oxidation using boron-doped diamond elec-
trodes is coupled with ozone, the studies regarding this integrated
process are rather scarce. Moreover, to the best of authors knowl-
edge, there are only few studies [16,27] on the coupled process
efficiency to remove pollutants and eliminate toxicity. Therefore,
the main objective of this work was to compare the efficiency of
three treatments, ozonation, electro-oxidation and coupled
ozonation-electrooxidation, to mineralize and eliminate the toxic-
ity of a phenol solution.
2. Methods and materials

2.1. Phenol synthetic solution

The phenol (Ph) solution to be treated was a synthetic one with
a 100 mg L�1 Ph initial concentration. For this purpose, a stock phe-
nol solution (1000 mg L�1) was prepared using phenol (99.5% pur-
ity, Merck) and deionized water. Then, aliquots (100 mL) of the
stock solution were mixed with 900 mL of sodium sulfate (Na2SO4)
supporting electrolyte solution (0.1 M). The employed Na2SO4 was
Sigma-Aldrich 99%.

2.2. Ozonation

The ozonation experiments were conducted in the up-flow glass
bubble column reactor depicted in Fig. 1 although without the
electrodes and power supply. Ozone was supplied by a Pacific
Ozone Technology generator. A gas mixture ozone/air was contin-
uously fed to the reactor at its inferior part through a gas diffuser
(0.2 mm pore size) at a flowrate of 0.05 L min�1. The ozone concen-
tration in this streamwas 5 ± 0.5 mg L�1. The excess of ozone in the
outlet gas was decomposed by an ozone destructor. The solution
degraded by this technique was 0.9 L of 100 mg L�1 phenol solu-
tion. This was prepared in deionized water. Samples were taken
at specific time intervals to determine Chemical Oxygen Demand
(COD), Total Organic Carbon (TOC), toxicity with lettuce (Lactuca
sativa) seeds and to be analyzed by UV–Vis spectroscopy and
High-Performance Liquid Chromatography (HPLC). All the experi-
ments were carried out at room temperature (20 �C ± 2), initial
Fig. 1. Schematic apparatus for the ozonation, electro-o
pH was adjusted to 7.0 ± 0.5 with sodium hydroxide ACS pellets
(Sigma-Aldrich 97%).

2.3. Electro-oxidation (EO)

This process was conducted in the experimental set up depicted
in Fig. 1 without the ozone generator though. The reactor-
electrochemical cell contained a pair of BDD electrodes (BDD film
supported on a niobium substrate). Each electrode was 20.0 cm
by 2.5 cm with a surface area of 50 cm2. 0.9 L of phenol solution
(100 mg L�1) were prepared and transferred to the electrochemical
cell. A direct-current power source supplied the system with 1.0,
2.0 and 3.0 A corresponding to current densities of 20, 40, and
60 mA cm�2. All the experiments were carried out at room temper-
ature (20 �C ± 2) and initial pH = 7.0. pH was monitored but not
controlled at all experiments.

2.4. Ozonation-electrooxidation coupled process (O3-EO)

For the combined system the pair of BDD electrodes from the
electrochemical reactor were installed in the ozonation reactor as
shown in Fig. 1.

A direct-current power source supplied the system with 3.0 A
that corresponds to a current density of 60 mA cm�2. All the exper-
iments were carried out at room temperature (20 �C ± 2) and initial
pH = 7.0 ± 0.5. Treated samples were taken at the same intervals
than with the individual treatments and equally analyzed.

2.5. Chemical analysis

Phenol concentration in solution was determined by UV/Vis
spectrophotometry by applying the method of 4-aminoantipyrine
(Sigma Aldrich reagent grade) in the presence of potassium ferro-
cyanide (Baker 99.8%) as described by Carrillo and co-workers
2014 [30]. The produced compounds are of intense red-yellow
color, and this allows to directly measure absorbance by using a
PerkinElmer Model Lambda 25 UV/Vis spectrophotometer. Sam-
ples absorbance was scanned from 200 to 900 nm and a maximum
absorbance at 510 nm was observed. The samples were scanned in
a quartz cell with 1 cm optical path. In order to establish the
xidation and ozonation-electrooxidation processes.



Fig. 2. Effect of current density (r) 20 mA cm�2 (s) 40 mA cm�2 (N) 60 mA cm�2

on the phenol removal efficiency in the electro-oxidation (EO) system. Initial
pH = 7.0, [Ph]o = 100 mg L�1, V = 0.9 L.
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mineralization degree of phenol, Chemical Oxygen Demand (COD)
and Total Organic Carbon (TOC) of samples was determined by
means of the American Public Health Association (APHA) standard
procedures [31], by using a Hach DR 5000 and TOC-L Shimadzu
Total Organic Carbon analyzer for COD and TOC measurements,
respectively.

The control of phenol decomposition as well as the intermedi-
ates and final products identification was performed by a high per-
formance liquid chromatograph equipped with a UV–Vis detector
series Waters 2487 Dual k, using Waters 1515 Isocratic Pump. Data
analysis was performed using Breeze 2 software. Separation was
isocratically achieved at 25 �C. For the identification of carboxylic
acids by high performance liquid chromatography (HPLC), the
mobile phase consisted of water:acetonitrile:phosphoric acid
(89.9:10:0.1 v/v) and was pumped at a flow rate of 0.6 mL min�1.
The injection volume was 20 lL. The identification wavelength
was set at 210 nm. A reverse phase column was employed
(Eclipse� XDB C-18, 15.0 cm in length and 4.6 mm in diameter,
Agilent). To separate and identify the aromatic compounds by
HPLC, the mobile phase consisted of methanol-water (80:20 v/v
and 5 mM of H2SO4) and was pumped at a flow rate of
1.0 mL min�1. The injection volume was 20 lL. The quantification
wavelength was set at 280 nm. The employed column was Ascen-
tis� Express C-18 (Supelco), 3.0 cm in length and 4.6 mm in
diameter.

Hydrogen peroxide concentration profile was determined dur-
ing each treatment by a colorimetric method [32], using titanium
sulfate (Ti4+) reagent and measuring the color intensity (yellow
color) of solutions at a wavelength of 408 nm.

2.6. Toxicity bioassay

A toxicity bioassay with lettuce (Lactuca sativa) seeds was car-
ried out. This is a static severe toxicity test (120 h) that is applied
to establish the phytotoxic effects on seedling by monitoring the
seeds development during the first days of growth. In this work,
a bioassay with lettuce seeds was carried out according to Dutka
method (1991) [33]. In the test, 20 seeds of similar size, shape
and color, were taken. Commercially available plant seeds were
used. They were evenly distributed over Whatman No. 1 paper in
a Petri dish. Three replicates of each control sample were prepared
(deionized water and Na2SO4 0.1 M), and samples from the 3 dif-
ferent applied treatments (O3, EO and O3-EO) were assessed. From
each treatment, samples (5 mL) were collected at different reaction
times 0, 5, 10, 20, 30 40, 50, 60, 90, 100, 110 and 120 min. Such
samples were kept under constant temperature of 22 ± 2 �C and
darkness for 5 days (exposure time). After the seeds incubation
period, the average length of seed roots was measured and
recorded for each sample. When the exposure period ended, the
effect on seed germination and elongation of the radicle was
quantified.

In order to calculate the Germination Index (GI), the relative
seed germination (RSG) and the growth relative of radicle (GRR)
were calculated by means of Eqs. (1) and (2), respectively [34,35].

RSG ¼ number of germinated seeds in the sample
number of germinated seeds in the control sample

� 100 ð1Þ

GRR ¼ Length average radicle in the sample
Length average radicle in control sample

� 100 ð2Þ

GI is a more specific indicator that takes into account the inter-
action of factors promoting or inhibiting the seed germination with
factors favoring or inhibiting the growth of the species radical or
seed germination. The GI is calculated by means of Eq. (3),
GI ¼ RSG� GRR
100

ð3Þ

GI values near 100% indicate low or zero toxicity (L), GI values
below 50% indicate that toxicity is moderated (M) and GI values
near 0 indicate the toxicity or phytotoxicity is high or maximum
(H).

3. Results and discussion

3.1. Electro-oxidation (EO) treatment

The influence of current density on the treatment efficiency of
the electrochemical system was studied at 20, 40 and 60 mA cm�2.
Fig. 2 shows that the phenol removal percentage increases with
electrolysis time and the removal rate increased with the applied
current density. After 120 min of electrolysis, the phenol degrada-
tion efficiency reached 81%, 93% and 98% with current densities of
20, 40 and 60 mA cm�2, respectively. It can also be observed that
the decay of phenol concentration exhibited an exponential behav-
ior with all the applied currents. These results concur with those
previously reported [36] when applying a high current density
(60 mA cm�2) to a low phenol concentration (100 mg L�1 =
1.1 mM) solution.

During electrolysis, the anodes favor the electro-generation of
HO� radicals. These are adsorbed at the electrode surface and are
the product of water oxidation. In an acid or neutral medium, the
HO� radicals are directly generated at the anode and are the prod-
ucts in the direct oxidation of water that occurs according to reac-
tion (13) [29],

BDDþ H2O ! BDDþ HO� þ Hþ þ e�anodic oxidation ð13Þ
Then, the oxidation of organic compounds with concomitant

oxygen evolution (reactions (14) and (15)) take place on the BDD
anode surface via hydroxyl radicals electro-generated from reac-
tion (13) [4]. Reaction (14) is in competition with the side reaction
of HO� conversion to O2 (reaction (15)).

BDDðHO�Þ þ R ! BDDþmCO2 þ nH2O ð14Þ

BDDðHO�Þ ! BDDþ 1
2
O2 þ Hþ þ e� ð15Þ
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Concomitantly to water oxidation, the generation of hydrogen
peroxide (H2O2) is expected to occur by the oxygen reduction at
the cathode by means of reaction (16) [37,38],
O2 þ 2Hþ þ 2e� ! H2O2 cathodic reduction E� ¼ 0:440 V

ð16Þ
In this case, the in situ generation of hydrogen peroxide was

confirmed and its concentration evolution with time can be
observed in Fig. 3. It is worth clarifying that this concentration
indicates the amount of accumulated H2O2 and not the generated
one.

It is also worth mentioning, that under high current densities
and acidic medium, oxygen is likely to be reduced towards water
by means of reaction (17) [38],
Fig. 4. Effect of type of treatment (r) O3, (N) EO and (s) O3-EO on pH evolution of
phenol solution.
O2 þ 4Hþ þ 4e� ! 2H2O cathodic reduction E� ¼ 0:987 V

ð17Þ
This reaction is plausible to occur although will be limited by

oxygen concentration and pH.
It can be observed in Fig. 4, that within 5 min of reaction the pH

becomes acid and this can be ascribed to the appearance of oxalic,
succinic and formic acids (see Fig. 9). This change in pH is expected
to aid reactions (16) and (17) to proceed. Actually, the accumulated
hydrogen peroxide is observed to increase during the first 40 min
(Fig. 3). After this time, pH slowly becomes neutral again since
most of the acids are also consumed. This pH increase might be
blamed for the H2O2 concentration decrease observed after
40 min of treatment time.

The initial COD and TOC values after 120 min of electrochemical
treatment time are shown in Table 1. By using these values the
COD and TOC reduction% can be calculated. The initial theoretical
values of COD and TOC are 76.6 and 238.3 mg/L, respectively.
The initial values shown in Table 1, however, differ from the theo-
retical ones because they were measured by the corresponding
techniques and therefore include experimental and instrumental
errors. After 120 min of treatment, a COD reduction of 97.7% and
92.1% TOC removal was reached. This indicates that the electrolysis
not only degrades the phenol molecule but also mineralizes it
(Fig. 9). From this figure, it can also be concluded that the most
reluctant compound to be oxidized by EO is oxalic acid.
Fig. 3. H2O2 concentration as function of time and applied process (O3, EO or
O3-EO).

Fig. 5. Coupled ozonation-electrooxidation process conducted with BDD elec-
trodes: proposed simplified mode of action and side products.
3.2. Ozonation (O3) treatment

During the ozonation treatment of the phenol solution, both
COD and TOC were monitored with time. The maximum COD
reduction was 63.3% and the TOC removal was of 39.7% after
120 min of treatment time (Table 1). These results suggest that
the degradation and mineralization of phenol is partial when only
ozonation treatment is applied. It is well known that oxidation by
ozone can be either direct or indirect [9]. The former occurs by the
ozone molecule and the latter by the production of hydroxyl radi-
cals (reactions (1)–(11)). Once produced, these radicals oxidize the
organic molecule. The prevalence of direct or indirect ozonation is
mainly a function of pH. As can be seen in Fig. 4, fromminute 5 and
onwards the solution pH becomes acid and therefore direct oxida-
tion is expected to prevail. Indeed, the results shown in Fig. 8 con-
firm that the direct oxidation is the one prevailing in this system



Fig. 6. Proposed phenol degradation pathway during the O3-EO coupled process.
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since ozone alone has more limited oxidant power than the hydro-
xyl radical. Moreover, by analyzing Fig. 8, it can be concluded that
ozone favors the phenol degradation into aliphatic compounds
(mainly oxalic acid) and that these are not being further degraded.
This concurs with previous reports [39] about the inability of ozone
to degrade oxalic acid. From Fig. 3, it can be concluded that the
H2O2 accumulated concentration during the ozonation process is
nearly none.
3.3. Synergy of O3-EO process

As shown in Table 1, the coupled process reduces and practi-
cally eliminates the organic pollutant (phenol) and the products
of its oxidation. The values of COD and TOC are effectively reduced
without any addition of chemical reagents. The coupled process
also increases the efficiency of the organic removal and the miner-
alization time is substantially reduced.

It is evident from the results in Table 1, that among the three
tested treatments, ozone is not as effective as electro-oxidation
or the coupled process. This can be ascribed to oxidation occurring
mainly via hydroxyl radicals in the two last cases while in the case
of ozonation, direct oxidation via ozone molecule is prevailing. It
can also be observed that the EO process leads to practically phenol
mineralization after 120 min (Fig. 9). This, however, does not occur
as fast as in the coupled process (Fig. 10). The maximum TOC
reduction of 39.7% and 92.1% occurs at 120 min, for O3 and EO,
respectively. While the TOC reduction with the coupled treatment
was 98.5% after 60 min and 99.8% after 120 min. Table 1 also shows
the effect of COD reduction. It is observed that at 60 min, the COD
reduction was 98.0% and 99.0% at 120 min for the O3-EO coupled
process. Thus, the coupled process is around twice faster on



Fig. 7. Effect of type of treatment, Ozonation (O3), Electro-oxidation (EO) and
coupled ozonation-electrooxidation (O3-EO), on Germination Index of Lactuca sativa
(GI%). L: Low toxicity, M: Moderate toxicity and H: High toxicity or maximum
phytotoxicity.

Fig. 8. Effect of O3 on concentration of phenol and products distribution (aromatics
and carboxylic acids) during 120 min of treatment. Initial pH = 7.0, [Ph]o = 100 -
mg L�1, V = 0.9 L, [ozone] = 5 ± 0.5 mg L�1, flowrate of 0.05 L min�1.

Fig. 9. Effect of EO on concentration of phenol and intermediates (aromatics and
carboxylic acid) during 120 min of treatment. Initial pH = 7.0, [Ph]o = 100 mg L�1,
V = 0.9 L, j = 60 mA cm2.
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mineralizing phenol than the electrochemical treatment alone.
This can be ascribed to the two processes (O3 and EO) synergisti-
cally acting in the coupled process and all the previously discussed
reactions for the individual treatments are expected to occur.
Therefore, in the combined process, the oxidation of organic com-
pounds does not occur mainly at the anode surface via hydroxyl
radicals as in the case of the EO treatment. As previously reported
[23,24], besides the substrate elimination, the high oxidation
power of BDD allows the concurrent formation of several side
products: hydrogen peroxide, peroxodisulphate and ozone
(Fig. 5). Hydrogen peroxide (H2O2) comes from the recombination
of the HO� radicals (reaction (18)) or from the oxygen cathodic
reduction (reaction (16)), while peroxodisulphate is formed by
the oxidation of sulfate (reaction (19)) and ozone might be gener-
ated from water oxidation at the anode (reaction (20)) [40]. The
radical SO4

�� is formed by the reaction between the peroxodisul-
phate with the electrons generated in the electrode (reaction
(21)) [41,42]. This radical is a better oxidant than persulphate
and oxygen and can trap the generated electrons (reaction (22)).
It can also generate hydroxyl radicals (reaction (23)) when reacting
with water.

2BDDðHO�Þ ! 2BDDþ H2O2 ð18Þ

2SO2�
4 ! S2O

2�
8 þ 2e� ð19Þ

3H2O ! O3ðgÞ þ 6Hþ þ 6e� ð20Þ

S2O
2�
8 þ e� ! SO��

4 þ SO2�
4 ð21Þ

SO��
4 þ e� ! SO2�

4 ð22Þ

SO��
4 þ H2O ! HO� þ SO2�

4 þ Hþ ð23Þ
3.4. Proposed mechanism for phenol degradation during O3-EO
coupled process

HPLC analysis of electrolyzed solution allowed the identifica-
tion of different aromatics and carboxylic acids produced as inter-
mediates during the mineralization of phenol. All the phenol
degradation by-products were unequivocally identified by com-
paring their retention time with the ones from standard com-
pounds. During the degradation of phenol, the hydroxyl radicals
can be expected to be added onto the benzene ring at the ortho-,
para- or meta-positions to either produce catechol, hydroquinone
or resorcinol, accordingly. In this case, however, only the formation
of catechol and hydroquinone was observed. These two com-
pounds are likely to be further converted to benzoquinone
(Fig. 6). This is in concordance with previous studies related with
the mechanism of phenol degradation [1,25].

It can be seen that the main detected aromatic by-products
were catechol, hydroquinone, benzoquinone and the detected ali-
phatic by-products were succinic, maleic, fumaric, formic and oxa-
lic acids (Fig. 10). It is worth noticing that the catechol,
hydroquinone and benzoquinone concentration increased in the
first 5 min and then began to decrease till complete removal at
40 min. It can also be noted that the organic acids (succinic, maleic,
fumaric, formic and oxalic) reached a maximum concentration at
10 min and consequently pH became acid (Fig. 4). All these car-
boxylic acids were finally oxidized into carbon dioxide and water
as shown in Fig. 10. These results are in good agreement with pre-
vious reports [1,36].

Given the above described identifications and evolution of aro-
matic and aliphatic reaction intermediates, a degradation pathway



Table 1
Effect of treatment type on Total Carbon (TC), Total Organic Carbon (TOC), Inorganic Carbon (IC) and Chemical Oxygen Demand (COD).

Total organic carbon analysis TC TOC IC COD

mg L�1

Phenol [Co = 100 mg L�1] 82.2a ± 2.5b 78 ± 3.8 4.2 ± 0.5 231 ± 3.1
Ozone (120 min) 48 ± 2.0 47 ± 2.1 1 ± 0.2 83 ± 5.3
BDD (120 min) 12 ± 2.5 6 ± 1.1 6 ± 0.9 5 ± 2.3
O3-BDD (60 min) 3.7 ± 0.4 1.2 ± 0.1 2.5 ± 0.1 4 ± 3.1
O3-BDD (120 min) 3.2 ± 0.5 0.2 ± 0.3 3 ± 1.3 2 ± 0.5

a TC, TOC, IC and COD values.
b Standard deviation.

Fig. 10. Effect of O3-EOon concentration of phenol and intermediates (aromatics and
carboxylic acid) during 120 min of treatment. Initial pH = 7.0, [Ph]o = 100 mg L�1,
V = 0.9 L, j = 60 mA cm2, [ozone] = 5 ± 0.5 mg L�1, flowrate of 0.05 L min�1.
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for phenol mineralization by O3-EO coupled process is proposed in
Fig. 6.

3.5. Toxicity test

3.5.1. Effect of O3 process on toxicity
In the control samples of each treatment, the highest seeds ger-

mination percentage was >90%. It is also worth pointing out that
the seeds showed a normal growth without defects, with a root
elongation of 30% (CV = 3.44%).

The GI values of the phenolic solution treated with ozone
(Fig. 7), showed that the moderated phytotoxicity observed during
the first 40 min of treatment is temporary reduced during the next
45 min of reaction. Nevertheless, the solution becomes highly toxic
after 85 min of reaction and this can be ascribed to the produced
carboxylic acids (mainly oxalic acid) not being further oxidized
during the ozonation process (see Fig. 8) and this also lowers pH
(see Fig. 4). Although the toxicity of carboxylic acids (i.e., formic,
acetic, propionic, butyric, valeric, and caproic acids) has already
been documented [43], the observed toxicity could be thought to
be due to pH. Nevertheless, the effect of pH on toxicity can be ruled
out until certain point by contrasting the pH evolution (Fig. 4) with
germination index (Fig. 7). It can be observed, for instance, that at
minute 20 the pH of the solution treated by O3 and O3-EO is very
similar (about 3.5) while GI is notoriously different (5% for the
solution treated with O3 and nearly 70% for the solution treated
with the combined process). A similar analysis can be conducted
between the results obtained with EO and O3-EO at 50 min of
treatment. pH at this point is approximately 5.3 in both cases while
GI is 25% for the former and 75% for the latter. Thus, because of the
results shown in Fig. 7, it can be concluded that ozonation not only
fails on diminishing phytotoxicity but actually results to be lethal
to Lactuca sativa.
3.5.2. Effect of EO process on toxicity
According to HPLC analysis of the samples obtained during the

EO process (Fig. 9), after 5 min of treatment, aromatic compounds
(hydroquinone, catechol and benzoquinone) and organic acids
(succinic, formic, oxalic, maleic and fumaric acid) were produced.
Unlike the combined process, hydroquinone was observed in
higher quantity at all times. According to Fig. 7, during the first
30 min of treatment, there is also an increase on GI that indicates
the toxicity becomes lower. After 40 min of treatment, the organic
acids are in greater concentration than the aromatic products.
These acids are transformed into oxalic acid and this is the only
remaining acid into solution even after 120 min of treatment. In
consequence, pH solution decreases from 7 (at reaction time = 0)
to 4.5 (at t = 30 min). After 110 min of reaction, however, pH
increases again to 7. This may be suggesting the appearance of
alkaline compounds like carbonates or bicarbonates most likely
as a result of phenol mineralization. Regarding aromatic com-
pounds (benzoquinone, catechol, hydroquinone and phenol), these
are in larger proportion than carboxylic acids until 40 min of treat-
ment is reached. At this point, there is a change in degradation and
only benzoquinone is in appreciable concentration. It can be con-
cluded that benzoquinone is the precursor of the organic acids. It
can also be concluded that with the electrochemical process the
phytotoxicity of the solution remains within a moderate range
albeit a high degree of oxidation is observed. This can ascribed to
the presence of oxalic acid mainly.
3.5.3. Effect of coupled O3-EO process on toxicity
Unlike ozonation, after the first 5 min of applying the coupled

treatment the appearance of species such as catechol and benzo-
quinone is observed (Fig. 10). Actually the by-product with the
highest concentration was catechol. Nevertheless, catechol is read-
ily degraded from 5 min and onwards. Oxalic acid concentration
finds a maximum at around 30 min and then is readily degraded.
In concordance, after 40 min only oxalic and maleic acid remain
only for few further minutes and therefore pH increases to 6
(Fig. 4) and toxicity is totally eliminated (Fig. 7).

Fig. 7 shows the effect of treatment on GI. It is worth remember-
ing that GI values near to 100% are associated to a high seed germi-
nation and radicle elongation and therefore such values are
associated to a minimum or not existent toxicity. The coupled
O3-EO process leads to GI > 90% after 60 min of treatment, followed
by the electrochemical process (GI = 50%) and finally the ozonation
process with GI = 0% (development of the seed was completely
inhibited) at the end of treatment. Hence, it can be concluded that
among the studied processes, only the coupled O3-electrochemical
treatment is able to eliminate the phytotoxicity effects of the phe-
nolic solution.
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4. Conclusions

The combination of EO and O3 processes results in a synergy that
greatly enhances the rate and extent of phenol mineralization. EO
alone reduces 97.7% of COD and 92.1% of TOC. It requires, however,
a relatively long time and the solution final toxicity is moderate. On
the other hand, O3 alone only reduces 63.3% of COD and 39.7% of
TOC at also relatively long treatment times. The ozonation process
alone not only fails on phenol mineralization but also on diminish-
ing toxicity. When the coupled O3-EO process is used, a maximum
COD reduction of 98.0% and 98.5% of TOC occurs after half of the
other treatment times. The conditions at which the highest COD
and TOC removals can be achieved are pH 7.0 ± 0.05, with
5 ± 0.5 mg L�1 of ozone concentration, 60 mA cm�2 of current den-
sity and temperature of 20 �C ± 0.05. FromHPLC analysis, the degra-
dation products were established and a degradation pathway of
phenol during O3-EO coupled process was proposed. From the point
of view of toxicity, the EO treatment is not recommended for mole-
cules which main degradation product is oxalic acid. Among the
studied treatments, only the coupled treatment fully eliminates
the toxicity effects of the treated phenolic solution onto Latuca
sativa. The toxicity is mainly exerted by oxalic acid. The reluctance
of oxalic acid to be oxidized by either electro-oxidation or ozona-
tion alone can be overcome by the combination of both.
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