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A B S T R A C T   

An electro-peroxone (EP) process was conducted in an up-flow bubble column reactor with BDD electrodes. The 
efficiency of the process was tested in the 4-Chlorophenol (4-CPh) mineralization and compared with that 
attained by single treatments like ozonation (O3) and electro-oxidation (EO). At [TOC]o= 56 mg⋅L− 1, pHo= 7.0, 
T = 293 K, j = 0.06 A⋅cm− 2, t = 120 min, the oxidation power decreased in the following order EP>EO>O3, and 
the TOC removed was, in the same order, 100%> 93%> 40%. The calculated synergy coefficient was 0.31, while 
the mineralization current efficiency percentage (MCE%) and the energy consumption (EC) were 12.24% and 
11.48%, 2.84 and 2.31 kW⋅h− 1, for EP and EO, respectively. The germination percentage of Lactuca sativa, was 
100%, 30% and 20%, at the end of EP, EO and O3, respectively. This indicates that phytotoxicity, was only 
eliminated with EP. Based on the by-products, e.g. aromatic compounds (4-chlorocatechol, catechol, phenol, p- 
benzoquinone, hydroquinone) and carboxylic acids (maleic, formic, fumaric, succinic, oxalic, malonic and acetic 
acids) identified by UHPLC-UV/DAD and the changes of the concentration of chloride ion (Cl-), hypochlorite, 
chlorite, chlorate and perchlorate, a reaction pathway was proposed for the 4-CPh mineralization by the E- 
peroxone process. It was demonstrated that under the studied conditions both, hydrogen peroxide and ozone, are 
produced during EO. At the end of EO, H2O2, carboxylic acids and perhaps persulfates, are responsible for the 
phytotoxicity of the solution.   

1. Introduction 

In the last decades, advanced oxidation processes (AOPs) have 
emerged as a plausible option to decontaminate water polluted with 
persistent and trace organic contaminants. Within AOP, peroxone is a 
relatively novel process that has been proven to intensify the minerali
zation of organic molecules and consists of the combination of ozone 
(O3) and hydrogen peroxide (H2O2). In this process, a synergic effect on 
organic pollutants degradation is observed [1]. This synergy is mainly 
attributed to the reaction between O3 and H2O2 that produces hydroxyl 
radicals (HO•) [2], which is a more powerful oxidant (E0 = 2.80 V) than 
ozone and hydrogen peroxide alone, and thus can oxidize most organic 
molecules even at diffusion control limited rates [2]. Then, in a con
ventional peroxone process, both, ozone (O3) and H2O2, are added to the 
system in order to produce HO• via reaction 1, 

H2O2 + O3→O2 + H+ + O•−
2 + HO• (1) 

Some disadvantages of the conventional peroxone process are that 
requires the external addition of hydrogen peroxide (H2O2) and that this 
is unsafe to handle, transport and store due to its reactivity. This has 
motivated the in-situ electro-generation of H2O2 in peroxone systems, 
and the resulting process has been named electro-peroxone (E-perox
one) [3]. 

In an E-peroxone system, O3 is added in the same way as in a con
ventional peroxone process and reacts with the in-situ electro-generated 
H2O2 to produce HO• (reactions 2–5) which can rapidly mineralize the 
organic pollutants [4]. An E-peroxone process is typically conducted in 
an electrolysis cell equipped with a cathode to electrochemically reduce 
the sparged O2 to H2O2 and HO−

2 , according to reaction (2) [5] and (3) 
[6,7], 

O2 + 2H+ + 2e− →H2O2 (2)  

O2 +H2O+ 2e− →HO−
2 +OH− (3) 
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HO−
2 + O3→HO• + O•

2 + O2 (4)  

2H2O2 + 2O3→H2O + 3O2 + HO•
2 + HO• (5) 

In this way, the E-peroxone (EP) process has been proven to intensify 
the mineralization of different pollutants in wastewater (see Table 1). 
There are in Table 1 summarized the reaction conditions and the organic 
compounds or effluents that have been treated by EP. The best results of 
each study in terms of TOC removal and oxidation power are also 
included. First of all, it can be observed in this table that the superiority 
of the EP process oxidation power, when compared to the individual 
processes like O3 and EO, has been well established in the treatment of 
both, synthetic and real wastewater. The same cannot be said for 
ozonation and electro-oxidation, since there are some works where O3 
efficiency is higher than electro-oxidation [8,9], although this might be 
a reflection of the type of cell. The existing literature is dominated by the 
mineralization of solutions prepared with dyes and pharmaceuticals. In 
most of these works, the preferred cathodes are carbonaceous 
materials-based, especially Carbon black/Polytetrafluoroethylene 
(C-PTFE). This is not surprising since its ability to produce H2O2 by the 
oxygen reduction reaction (ORR, reaction 2) is well documented. Thus, 
the results shown in Table 1, suggest that the efforts to intensify further 
the E-peroxone process are mainly based on the use of different anodic 
materials to platinum. In the context of electrodes material, it has also 
been demonstrated that the E-peroxone process can be successfully 
conducted with BDD electrodes [10,11]. This material offers some ad
vantages such as the production of hydroxyl radicals on the anodic 
surface by reaction 6, in addition to the ORR at the cathodic surface 
(reaction 2), the concomitant production of O3 (reaction 7) [10] and 
relatively high Faradaic efficiency (31.7%) [5]. It is worth pointing out 
that with BDD electrodes, the production of hydrogen peroxide is also 
plausible via reaction 8, 

BDD + H2O→BDD(HO•) + H+ + e− (6)  

3H2O→O3(g) + 6H+ + 6e− (7)  

2BDD(HO•)→2BDD + H2O2 (8) 

The information in Table 1 suggests that as long as the cathode is of a 
carbonaceous material, the oxidation power is in the order of EP>EO, 
when the results are contrasted with O3 though, the order of the 
oxidation power is EP>O3 >EO, excepting the process conducted with 
BDD electrodes, in such a case the reported order is EP >EO>O3. 

The efficiency of the E-peroxone on mineralizing organic compounds 
depends on the production of the different involved oxidant species that 
in turn depends on different operating variables such as cell type, 
electrodes material, current density and pH. The chemical complexity of 
the process is increased by the type of organic molecule that can act as 
the precursor of other oxidant species, like oxychlorine anions. 

It was the main objective of this work to establish and understand the 
distribution of species like O3, O2, H2O2, chloride and oxychlorine an
ions and relate them with the by-products and phytotoxicity of a chlo
rinated aromatic compound (4-chlorophenol, 4-CP) oxidation by three 
processes, ozonation, electro-oxidation (EO) and E-peroxone (EP). 

4-chlorophenol (4-CPh) was elected since is a compound used in 
several industries, e.g. production of nylon, resins, antioxidants, plasti
cizers, dyes, drugs, oil additives, explosives, disinfectants and pesticides 
[18,19]. Furthermore, phenolic molecules have been assumed as model 
ones to assess the efficiency of different advanced oxidation processes 
and this is mainly due to their recalcitrant nature. 

2. Methods and materials 

2.1. Chemicals and reagents 

4-chlorophenol (purity 99%), phenol (99.5%), p-benzoquinone 

Table 1 
Applications of E-peroxone.  

Pollutant Reaction conditions Results Reference 

Chloramphenicol Continuous flow cell (2 
anodes and 2 cathodes), 
gas diffusion electrode 
Cathode: carbon-cloth 
Anode: Ti=IrSnSb- 
oxides plate 
[TOC]o= 20 mg⋅L-1 

[Na2SO4]o= 0.05 M 
[pH]o= 3 
FO3= 17.5 mg⋅min-1 

j = 0.010 A⋅cm-2 

Mineralization: 
63% 
Oxidation power: 
EP>O3 >EO-H2O2 

[9] 

Acid Violet Dye Filter Press cell, gas 
diffusion electrode 
Cathode: carbon-cloth 
Anode: Ti=IrSnSb- 
oxides plate 
[TOC]o= 40 mg⋅L-1 

[Na2SO4]o= 0.05 M 
[pH]o= 3 
FO3= 17.5 mg⋅min-1 

j = 0.020 A⋅cm-2 

Decolorization: 
100% 
Mineralization: 
60% 
Oxidation power: 
EP>O3 >EO-H2O2 

[8] 

Levofloxacin Filter Press cell, gas 
diffusion electrode 
Cathode: carbon-cloth 
Anode: Ti=IrSnSb- 
oxides plate 
[TOC]o= 20 mg⋅L-1 

[Na2SO4]o= 0.05 M 
[pH]o= 3 
FO3= 14.5 mg⋅min-1 

j = 0.020 A⋅cm-2 

Mineralization: 
63% 
Oxidation power: 
EP>O3 >EO-H2O2 

[12] 

Clofibric acid Undivided cell 
Cathode: BDD 
Anode: BDD or Pt/Ti 
[TOC]o= 5.6 mg⋅L-1 

[pH]o= 7.53 
[Na2SO4]o= 0.01 M 
FO3= 10 mg⋅min-1 

Mineralization: 
90% 
EP >EO>O3 

Perchlorates are 
produced at the BDD 
surface 

[11] 

Phenol Continuous cell 
Cathode: BDD 
Anode: BDD 
[TOC]o= 118 mg⋅L-1 

[pH]o= 3 
[Na2SO4]o= 0.05 M 
O3 = In situ produced 

Mineralization: 
75% 
EP >EO>O3 

[10] 

Phenol Divided cell 
Cathode: C-PTFE 
Anode: Ni and Sb doped 
Tin oxide 
[Ph]o= 200 mg⋅L-1 

[pH]o= 7.4 
[Na2SO4]o= 0.1 M 
j = 0.010 A⋅cm-2 

FO3= 10 mg⋅min-1 

Mineralization: 
95% 
EP >EO 

[13] 

Leachate 
concentrates 

Divided cell 
Cathode: CNTs/C-PTFE 
GDE (with Ni foam) 
Anode: Ti/SnO2-Sb2O5 

[TOC]o= 246 mg⋅L-1 

[pH]o= 7.3 
[Na2SO4]o= 0.1 M 

Mineralization: 
80% 
Reduction of 
applied voltage 
through decreasing 
the cathode 
potential with CNTs 

[14] 

Dye Orange II Undivided cell 
Cathode: C-PTFE 
Anode: Pt 
[DYE]o= 200 mg⋅L-1 

[pH]o= 7.53 
[Na2SO4]o= 0.05 M 
FO3= 10 mg⋅min-1 

Decolorization: 
100% 
Mineralization: 
96% 
EP>O3 >EO 

[6] 

Marine 
Aquaculture 
wastewater 

Flow-through cell 
Cathode: Ti plate 
Anode: Ti/RuO2-IrO2 

plate 
[COD]o= 24 mg⋅L-1 

[pH]o= 8 

COD removal: 
48% by EO, and 
14% by EP 
EO>EP 

[15] 

(continued on next page) 
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(98.0%), acetic acid (99.0%), formic acid (99.0%), fumaric acid (99%), 
succinic acid (99.0%), maleic acid (99.0%), oxalic acid (99.0%), 
malonic acid (99.0%) and H3PO4 (85.7%), were purchased from Merck; 
4-chlorocatechol (97%), hydroquinone (99%), catechol (>99%), so
dium sulfate (99%) and sodium hydroxide ACS pellets (97%), were 
purchased from Sigma-Aldrich and resorcinol ( >99%) from Meyer. 
Methanol and acetonitrile (HPLC ultra gradient solvent, 99.99%) and 
sulfuric acid (97.4%) were from Fermont. Other chemicals like Potas
sium Phosphate monobasic (99.0%) was from J. T. Baker and 
ZnSO4•7 H2O (> 99%) was from Hycel. Sodium chloride (Merk), sodium 
thiosulfate (98.5%, J. T. Baker), hydrochloric acid (37%, Fermont), 
potassium iodide (99%, Merk), potassium bromide (98.5%, J.T. Baker) 
and sodium acetate (99%, J.T. Baker), monobasic sodium phosphate 
(98%, Sigma), phosphoric acid (85%, Merck), hydrogen peroxide (30%, 
Fermont), potassium permanganate (99%, J.T. Baker), potassium indigo 
trisulfonate (Sigma Aldrich). All solutions were prepared with deionized 
water (Mill-Q system). 

2.2. Removal of 4-CPh by ozonation, electro-oxidation, and E-peroxone 
processes 

The removal of 4-CPh was studied under three different chemical 
environments, ozonation (O3), electro-oxidation (EO) and E-peroxone 
(EP) processes. The basic experimental set-up consisted of a 1.5 L jac
keted up-flow bubble glass column reactor (see Fig. 1). In the ozonation 
and E-peroxone processes, the bubble column reactor was continuously 
fed at the bottom and through a porous disc (0.2 mm pore size) with a 
mixture of O3 and air, that was fed at 0.150 L⋅min− 1 by means of a 
0–0.2 L⋅min− 1 flowmeter. Under these conditions, the O3 was fed at 
10 mg/min. This mixture came from an ozone generator (Pacific Ozone 
Technology generator). The excess of ozone in the outlet gas was 
decomposed by an ozone destructor, which converts ozone into oxygen 
rapidly and without emitting any toxic gases, such as carbon monoxide 
or carbon dioxide. 

EO and EP treatments were conducted under galvanostatic condi
tions (0.06A•cm− 2), using a DC power supply. To do so, a pair of BDD 
electrodes (anode and cathode) separated 1 × 10− 2 m from each other 
(BDD film supported on a niobium substrate) was placed in the reactor. 
The electrodes were purchased from CONDIAS. The surface area of each 
electrode was 50 cm2 (length=20 ×10− 2 m, width= 2.5 10− 2 m). 

In order to establish an adequate Na2SO4 concentration, the effect of 
this variable on 4-CPh concentration was studied over time during the 
EO process in the range of 0.025 – 0.1 M. The results are presented in the 
supplementary material as Fig. S1. Since the initial 4-CPh removal rate 
with 0.05 M Na2SO4 (2.1 mg⋅L− 1⋅min− 1) was very similar to that ob
tained with 0.1 M Na2SO4 (2.0 mg⋅L− 1⋅min− 1), and about twice that 
obtained with 0.025 M Na2SO4 (1 mg⋅L− 1⋅min− 1), it was decided to 
conduct all the experiments with 0.05 M Na2SO4. 

All experiments were conducted by triplicate with 1.3 L of 4-CPh 
solution (100 mg• L− 1) and initial pH= 7.0 ± 0.05. The initial pH was 
adjusted with NaOH. pH was not buffered during the experiments and its 

evolution with reaction time was established. Temperature was kept 
constant at 20 ± 2 ◦C by circulating water through the jacket of the up- 
flow bubble column reactor. 

2.3. Chemical Analysis 

The concentration of 4-chlorophenol (4-CPh), p-benzoquinone (p- 
BQ), catechol, 4-chlorocatechol, phenol (Phe) and hydroquinone, was 
established by Ultra High Performance Liquid Chromatograph UHPLC 
(Vanquish, Thermo Scientific) equipped with an UV-Vis and PDA de
tector. The mobile phase (reversed-phase) was a mixture of 20% 
methanol, 80% water and 5 mM of H2SO4 at a flow rate of 1.0–1.3 mL•
min− 1. An Ascentis ® Express C-18 (Supelco) column (3 cm × 4.6 mm 
and 2.7 µm) was used and the detection wavelength was 246 and 
280 nm. The separation was achieved isocratically at 25 ◦C and the data 
analysis was performed using the software Chromeleon 7. 

Carboxylic intermediates (e.g. oxalic, formic, fumaric, maleic, 
malonic, acetic acids), formed during the treatment, were measured 
using also the aforementioned Ultra High Performance Liquid Chro
matograph (UHPLC). For this analysis, the mobile phase (reverse-phase) 
was a mixture of 3% methanol and 97% of monobasic potassium 
phosphate buffer (pH 2.3) with H3PO4. The flowrate of the mobile phase 
was 0.5 mL⋅min− 1. The injection volume was 5 μL. The identification 
wavelength was set at 210 nm. A reverse phase column Zorbax 
(Eclipse® XDB C-18, 15.0 cm in length and 4.6 mm in diameter, Agilent) 
was employed. Separation was isocratically achieved at 25 ◦C. 

The dissolved oxygen was monitored using a Portable multi- 
parameter pH meter, conductivity and dissolved oxygen (DO), HACH, 
HQ40d. 

Hydrogen peroxide (H2O2) concentration profile was determined by 
a colorimetric method [20], using 3 mL of titanium sulfate (Ti4+) re
agent and 7 mL of sample. To prepare the titanium sulfate (Ti4+) re
agent, 1 g of TiO2 was digested with 0.1 L of H2SO4 during 16 h in a 
thermal bath at 150 ◦C, the resulting solution was left to cool down and 
then it was diluted with four parts of water. The solution was then 
filtered with an asbestos material. The concentration of the titanium 
sulfate solution was 2000 mg⋅L− 1. The absorbance of samples was 

Table 1 (continued ) 

Pollutant Reaction conditions Results Reference 

FO3= 17.5 mg⋅min-1 

j = 0.005 A⋅cm-2 

Ibruprofen Cathode: carbon-PTFE 
Anode: Pt plate 
[IBU]o= 20 mg⋅L-1 

[pH]o= 5.2 
[Na2SO4]o= 0.05 M 
FO3= 10 mg⋅min-1 

Mineralization: 
100% 
EP>O3 >EO 

[16] 

Landfill leachate Cathode: carbon-PTFE 
Anode: Pt plate 
[TOC]o= 1650 mg⋅L-1 

FO3= 10 mg⋅min-1 

[pH]o= 8.07 

Mineralization: 
87% 
EP>Peroxone (H2O2 

added) >O3 

[17]  

Fig. 1. Schematic of the reactor used for ozonation, electro-oxidation and E- 
peroxone treatment of 4-Chlorophenol. 
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determined by using a PerkinElmer Model Lambda 25 UV/Vis spectro
photometer and correlated to H2O2 concentration. The absorbance of 
samples was scanned from 200 to 900 nm and a maximum absorbance at 
408 nm was observed. At this wavelength, the H2O2 extinction coeffi
cient, Ꜫ408 nm, was 1715.4 M− 1⋅cm− 1. The samples were scanned in a 
quartz cell with 1 cm optical path. The method is based on absorbance 
measurement of the color intensities of hydrogen peroxide solutions 
treated with titanium sulfate (Ti4+) reagent. The yellow color produced 
in the reaction is due to the formation of pertitanic acid (reaction 9) 
[20], 

Ti4+ + H2O2 + 2H2O→TiO2⋅H2O2 + 4H+ (9) 

The ozone concentration was determined by a colorimetric method 
[21] using 10 mL of indigo reagent II and 90 mL of sample. The sample 
absorbance was determined at 600 nm with a PerkinElmer Model 
Lambda 25 UV/Vis spectrophotometer. 

There are in Table S1, the limits of detection and quantification for 
the compounds determined by UHPLC, and other species like H2O2, O3, 
DO, chlorides and TOC. 

The concentration of chloride ions was measured by ionic chroma
tography (Aquion AS-DV, Dionex) with an AS11-HC- 4 µm x 250 mm 
column, the mobile phase (30 mM NaOH) was used at a flowrate of 
1.5 mL⋅min− 1, the suppressor was manufactured by Dionex AERS 300 
(4 mm × 480 mm x 121 mm), the current was 75 mA and the samples 
volume was 125 μL. 

Total organic carbon (TOC) was measured using a TOC-L Shimadzu 
Total Organic Carbon analyzer in order to establish the mineralization of 
the initial solution. The pH was monitored using a Standard pH meter 
Meterlab (PHM210). 

For the identification of oxychlorine anions, such as perchlorate, 
hypochlorite and chlorate, an iodometric method as reported in [22] 
was applied. For this purpose, 1 L of 0.01 N Na2S2O3 solution was 
standardized by a potentiometric method [23]. 

In the identification of hypochlorite, the samples were treated with a 
pH= 4.2 acetate buffer, potassium iodide 10% and left to stand for 
10 min in the dark. To determine the concentration of chlorates, the 
samples were treated with 500 mg of potassium bromide and 10 mL of 
HCl 10 M, then stirred constantly until complete dissolution. At this 
point, 10% potassium iodide was added, and it was allowed to stand for 
10 min under complete darkness. The resulting solutions were then 
valorized with the standardized sodium thiosulfate solution through 
potentiometry. 

For the perchlorate quantification, the total oxidation of the oxy
anions to perchlorate was carried out with the addition of concentrated 
hydrochloric acid, later the 10% potassium iodide solution was added, 
the flask was covered and left to stand under complete darkness for 
10 min. The resulting solution was then valorized by potentiometry with 
the standardized sodium thiosulfate solution [24]. 

For the potentiometric measurements, a Corning potentiometer was 
used. The reference and working electrode were of calomel and plat
inum, respectively. The involved reactions and equations to calculate 
the chloride and oxychlorine anions concentration are given in Section 4 
of the supplementary material. The interference of H2O2 was eliminated 
as detailed also in Section 4 of the supplementary material. 

2.4. Phytotoxicity tests 

Twenty seeds of lettuce (Lactuca sativa) were placed in culture dishes 
(Petri dish) containing 5 mL of each sample, and then placed in an 
incubator at a constant temperature and darkness for 5 days (exposure 
time) for germination. The test procedure conditions are summarized in  
Table 2. Seed germination and the length of the longest root produced by 
the seeds were measured after 120 h. A visible root was used as the 
operational definition of seed germination. The percentages of relative 
seed germination (RSG) (Eq. 10), relative root growth (RRG) (Eq. 11) 

and the germination index (GI) (Eq. 12), were determined after exposure 
of the seeds with treated water as follows [25,26], 

RSG(%) =
number of seeds germinated in the sample
number of seeds germinated in the control

x100 (10)  

RRG(%) =
mean root length in the sample

mean root length in control sample
x100 (11)  

GI(%) =
RSG x RRG

100
(12) 

where, 
GI (%) values near 0 indicate the toxicity or phytotoxicity is high or 

maximum (H). 
GI (%) values below 50% indicate that toxicity is moderated (M). 
GI (%) values near 100% indicate low or zero toxicity (L). 
As can be seen in Table 2, three control experiments were also con

ducted, one with deionized water, another one with 0.05 M Na2SO4 
solution and a positive control experiment with ZnSO4

. 7 H2O [27]. Three 
replicates of each control sample were prepared. The pH of controls was 
7.0 ± 0.05. 

3. Results and discussion 

In order to enhance the understanding of the 4-chlorophenol 
degradation by E-peroxone process (EP), the reaction was also con
ducted under ozonation (O3) and electro-oxidation (EO). For each pro
cess, the evolution with time profiles of pH, O3, O2 and H2O2, chlorite 
and oxychlorine species, were established without and with the organic 
pollutant. The intermediate compounds for each process were also 
established. Hence, herein the results attained with each process are 
separately presented and discussed. Only the toxicity results and chlo
rine species concentration values for the three processes are contrasted 
and discussed in one single section. 

3.1. Ozonation 

Fig. 2 shows the pH, O3, O2 and H2O2 temporary profiles during the 
ozonation process of a blank system (2a) (only water) and a 4-CPh so
lution (2b). Regarding pH, it can be observed that it is practically con
stant at about 6.5 during the whole ozonation of the blank system unlike 
the ozonation of the 4-CPh solution (Fig. 2b), where a practically im
mediate decrease is observed when the reaction system is fed with 
ozone. In Fig. 3a, it can be observed that some acids, like oxalic and 
maleic, appear from the first 5 min and therefore, these are responsible 
for the pH decrease observed in Fig. 2b, from 7.0 to about 4.5 in the first 
5 min of reaction and then a further decrease down to pH 3.0 at around 
20 min, when other carboxylic acids started to accumulate (i.e. formic, 
maleic, fumaric and succinic acids, see Fig. 3b). This pH= 3.0 did not 

Table 2 
Summary of seed germination test conditions.  

Seed germination test (Lactuca sativa) 

Test type Static 
Temperature 22 ◦C± 2 ºC 
Light No 
Test vessel Whatman No. 1 paper in a Petri dish 
Test volumen 5 mL 
Number of seeds 20 
Replicates 3 for each sample 
Positive control Zn (II) (ZnSO4.7 H2O) (25 mg⋅L-1 of Zn2+) 
Negative controls Deionized water and Na2SO4 (0.05 M) 
Tested samples Treatment time: 0, 5, 10, 20, 30, 45, 60, 75, 90, 105 

and 120 min 
Treatments applied to 

samples 
Ozonation, Electro-oxidation and E-peroxone 

Exposure time 120 h  
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change further in the rest of the experiment. 
In ozonation, two possible oxidation routes may be considered: the 

direct way, due to the reaction between the molecular ozone and the 
dissolved compounds; and the indirect way, due to the reactions be
tween the radicals (i. e. hydroxyl radicals HO•) produced during the 
ozone decomposition and the dissolved organic compounds [4,28]. The 
direct oxidation by O3 occurs under acidic conditions while the indirect 
oxidation occurs under alkaline conditions. The effect of pH over ozone 
decomposition was investigated by Poznyak (2006) [29] and demon
strated that ozone decomposition at pH 7 is negligible. By contrasting 
Figs. 2a and 2b, it can be observed that ozone is depleted when the 4-CPh 
molecule is added. Thus, it can be concluded that the 4-CPh oxidation is 
due to a direct attack of the ozone molecule. Such a mechanism not only 
leads to the relative fast cleavage of the aromatic ring to produce single 
bond carboxylic acids (Fig. 3a) but also to the concomitant production of 
hydrogen peroxide (Fig. 2b). After this time, H2O2 overall concentration 
gradually decreases and achieves a new plateau at a much lower con
centration value (2 ppm). H2O2 can be assumed to be produced during 
the degradation of 4-CPh, mainly during the cleavage of hydroxylated 
aromatic compounds [30] and their further degradation into single bond 
carboxylic acids [31]. Actually, the period of time during which H2O2 
concentration is the highest, between 10 and 60 min, coincides with a 
steeply decrease of 4-CPh concentration (Fig. 3b) and also with a posi
tive sharp slope on carboxylic acids concentration, especially formic 
acid (Fig. 3a), while the accumulation of hydroxylated compounds does 
not seem to occur at the same rate. Fig. S2 shows the decrease in con
centration of hydrogen peroxide combined only with ozone, without 
adding any organic molecule. It can be seen that, albeit at initial 

pH= 7.0, the decrease of H2O2 concentration only with O3 is plausible. 
At acid pH, the removal of H2O2 is expected to be slower due to the H2O2 
pKa. At this point is worth noticing, however, that has been previously 
reported the oxidation of carboxylic acids, like maleic and oxalic acid, 
with H2O2 and O3 at initial pH as low as 2.2 [32], therefore the pro
duction of oxidant species when adding H2O2 and O3, at acid pH, cannot 
be completely discarded. 

It can also be observed in Fig. 3b that the removal of TOC by ozon
ation alone is only 40%. This can be mainly ascribed to the recalcitrant 
character of the remaining carboxylic acids, mainly oxalic and succinic 
acid. It is worth noticing that the concentration of oxalic and succinic 
acid does not significantly change over time. This indicates the hydroxyl 
radicals production is either non-existent or not enough to conduct the 
oxidation of such molecules [31] and confirms that the prevailing 
mechanism is the attack of the 4-CPh and the intermediate aromatic 
compounds (see Fig. 3b) by molecular ozone. 

3.2. Electro-oxidation (EO) 

Figs. 4a and 4b show the temporary profiles of dissolved ozone, 
oxygen, hydrogen peroxide and pH, during the electrolysis of a blank 
system and of a 4-CPh solution (Fig. 4b). There are significant differ
ences between these two figures. To begin with, in the blank system, pH 
steeply increases from an initial value of 7 up to 10 in the first 45 min 
and then the rate of pH change slows down and increases only up to 11 
in the last 75 min of electrolysis. This switch of pH can be ascribed to the 
reduction of water at the BDD cathode by means of the following 
reaction, 

Fig. 2. Evolution with time of pH, dissolved ozone, dissolved oxygen (DO) and H2O2 during ozonation of (a) blank system: [Na2SO4]= 0.05 M, [4-CPh]o = 0.0 mgL-1 

and (b) 4-Chlorophenol solution: [Na2SO4]= 0.05 M, [4-CPh]o = 100 mg⋅L-1. Constant reaction conditions: V = 1.3 L, FO3 = 10 mg/min, T = 20 ± 2 ◦C, 
pHo= 7.0 ± 0.05. 

Fig. 3. Effect of ozonation on distribution of: a) carboxylic acids and pH, b) aromatic compounds and TOC during 120 min of treatment. Reaction conditions: 
[Na2SO4]= 0.05 M, [4-CPh]o = 100 mg⋅L-1, V = 1.3 L, FO3 = 10 mg/min, T = 20 ± 2 ◦C, pHo= 7.0 ± 0.05. 
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2H2O+ 2e− →2HO− +H2 (13) 

It is also worth noticing that although ozone is not being fed into the 
system, this is detected during the electrolysis of the blank system albeit 
in small quantities (up to 3 ppm) produced by (reaction 6) and the BDD 
anode is responsible for this. Once the ozone is produced, this may 
participate further in other reactions that also contribute to the pH in
crease, i.e. reaction 14, 

O3 +H2O+ e− →HO⋅ +O2 +HO− (14) 

This reaction may also be limiting the increase of ozone concentra
tion. In addition, it should be kept in mind, that alkaline conditions 
promote ozone decomposition via de following reactions [33], 

O3 + OH− →HO−
2 + O2 (15)  

O3 + HO−
2 →HO•

2 + O•−
3 (16)  

HO•
2→O•−

2 + H+ (17)  

O•−
2 + H+→HO•

2 (18)  

O3 + O•−
2 →O•−

3 + O2 (19)  

O•−
3 + H2O → HO• + O2 + OH− (20)  

O•−
3 + HO•→HO•

2 + O•−
2 (21)  

O3 + HO•→HO•
2 + O2 (22)  

HO−
2 + H+→H2O2 (23)  

H2O2→HO−
2 + H+ (24)  

O3 + HO•→O3 + OH− (25) 

Interestingly enough, the maximum ozone concentration is around 
50% of that achieved in the ozonation system. As observed in Fig. 4b, the 
produced ozone, is totally consumed when the 4-CPh molecule is added. 
From the point of view of sustainability, these characteristics imprint to 
the electrolysis system an added value since not only allows to produce a 
highly oxidant molecule like ozone but also ensures the full use of it, 
thus eliminating the need of the ozone “destruction” stage. This also 
indicates that the analysis of an oxidation process should not be based 
only in the detected species during reaction but also on those produced 
when the chemical compound is not present, since the fact of not being 
observed during reaction might be because they are depleted rather than 

not produced, and therefore their participation in the reaction process 
should be taken into account. 

In EO, the direct anodic oxidation of aromatic compounds has been 
demonstrated to occur in non-aqueous media [34]. In this case, although 
the direct anodic oxidation of 4-CPh could be expected, the extent of 
such a reaction may not be significant compared to the oxidation of 
water because this is in excess, and this fact may turn reaction 6 to be 
predominant. Thus, the oxidation of 4-CPh and its intermediates is ex
pected to occur at the BDD anode but mainly via HO• radicals. Although 
this is truth in many cases, here, the very first step of 4-CPh degradation 
is the molecular attack by ozone rather than by HO• radicals. This is 
supported by the fact that pH and 4-CPh concentration decreased at very 
similar rates than did during the first 5 min of the ozonation process. 
This can be established by comparing Figs. 2b and 4b, 3b and 5b. The pH 
decline in the first 5 min of reaction from 7 to 4.5, can be ascribed, as in 
the case of ozonation, to the relatively fast production of carboxylic 
acids, mainly oxalic. It is worth pointing out a remarkable difference 
between ozonation and EO, that is the amount of accumulated carbox
ylic acids. By contrasting Figs. 3a and 5a, it can be concluded that this 
amount in the EO is less than half of that in the ozonation process. At this 
point is where the participation of the HO• radicals is acknowledged 
since all acids rapidly disappear and actually succinic acid is fully 
oxidized unlike in the ozonation process. The oxidation of this acid is 
known to be conducted relatively fast by HO• radicals [31]. 

Also, the TOC removal by EO was ~93% while in the ozonation was 
only 40% (Figs. 5b and 3b, respectively). It can also be observed in 
Fig. 5a, that the oxidation of carboxylic acids after 75 min is parallel to 
an increase in pH, which at the end of the process is about neutral (7.5). 
It is worth noticing that the dissolved oxygen is kept within 6–7 ppm 
during the whole EO process. It is rather important to keep enough 
dissolved oxygen, (DO) U.S. EPA > 4 mg⋅L− 1 [35], in the water bodies 
and in those treated effluents, since low DO concentration can nega
tively affect the living organisms in the receiving water bodies. 

Although there is some oxygen already dissolved in the water used to 
prepare the solution (see Fig. 4a), oxygen can also being produced by the 
following anodic reaction [36], 

BDD(HO⋅)+H2O→BDD+O2 + 3H+ + 3e− (26) 

The EO and EP processes were conducted with a 0.05 M Na2SO4 
solution. This implies the presence of sulfate anions in the solution that 
are prone to be also oxidized at the anode either directly or by hydroxyl 
radicals and the result would be an also oxidant radical (SO.−

4 ), whose 
reactivity towards 4-CPh is comparable to that of HO⋅[37], and therefore 
these species are also expected to participate in the 4-CPh oxidation. In 
this study and based on the observed pH during the whole treatment, the 

Fig. 4. Evolution with time of pH, dissolved ozone, dissolved oxygen (DO) and H2O2 during electro-oxidation of (a) blank system: [Na2SO4]= 0.05 M, [4-CPh]o 
= 0.0 mg⋅L− 1 and (b) 4-Chlorophenol solution: [Na2SO4]= 0.05 M, [4-CPh]o = 100 mg⋅L− 1. Constant reaction conditions: V = 1.3 L, Qgas= 0.150 L⋅min− 1, T = 20 
± 2 ◦C, pHo= 7.0 ± 0.05, j = 0.060 A⋅cm− 2. 

D. Amado-Piña et al.                                                                                                                                                                                                                           



Journal of Environmental Chemical Engineering 10 (2022) 108148

7

expected oxidation of the sulfate anion may be occurring by reaction 27, 
since reaction 28 is favoured at pH lower than 1.99 [38]. 

SO2−
4 →SO•−

4 + e− E◦

= 2.5 a 3.1V (27)  

HSO−
4 + HO•→SO•−

4 + H2O k = 4.7x105 M− 1s− 1 (28) 

Once produced, the sulfate radicals can react between them and 
produce another oxidant specie, the persulfate anion (S2O2−

8 ) by reaction 
29, or with water to produce hydroxyl radicals (reaction 30) [38], 

SO•−
4 + SO•−

4 ⟶S2O2−
8 k = 7.6x108 M− 1s− 1 (29)  

SO•−
4 + H2O⟶SO2−

4 + HO• + H+ k < 2.0x108 M− 1s− 1 (30) 

These reactions would be proceeding at the anodic surface. The 
excess of water, however, suggests that if there is a predominant reac
tion occurring at the BDD anode, that would be reaction 6. 

3.3. Electro-peroxone (EP) treatment 

The graphs in Fig. 6 show pH, dissolved oxygen (DO), ozone and 
H2O2 concentration as a function of time under electrolysis with BDD 
electrodes and constant flow of an ozone-air mixture. Like in the other 
treatments, the difference between Fig. 6a and Fig. 6b is that in the 
former, the solution initially contained only electrolyte while in the 
latter, 4-CPh was added. In Fig. 6a, pH, DO and H2O2 are observed to 
follow a rather similar trend and values to those in EO (Fig. 4a). Ozone 
concentration, however, is observed to attain a much higher value in this 

case (≈8.5 mg⋅L− 1) since the very beginning of treatment and this is due 
to the feeding of O3 into the reactor. When 4-CPh is added to the system 
(Fig. 6b), ozone is depleted and H2O2 starts to accumulate since the first 
5 min of reaction and unlike the H2O2 in EO, in this case presents a kind 
of Gaussian behaviour. This important difference can be considered the 
evidence of the E-peroxone process. In the case of EP, the maximum 
observed H2O2 concentration is ≈ 5.7 mg⋅L− 1 at 30 min of treatment. 
Then this accumulated H2O2 is rapidly consumed at a rate of 
0.14 mg⋅min− 1 in the following 30 min. In the last 30 min of treatment, 
the system is observed to be H2O2 depleted thus limiting the hydroxyl 
radicals production rate via E-peroxone. Interestingly enough, in the 
same period of time, ozone starts to show again in the system, and this 
reinforces the suggestion of the occurrence of E-peroxone treatment. 
Because ozone was proven to be in situ produced during EO (Fig. 4a), a 
certain degree of EP cannot be disregarded during EO. This, however, 
occurs in less extent than when O3 is constantly fed to the system (EP). 

Unlike the other variables, pH profile is very similar for the three 
treatments during the first 60 min. Nevertheless, the lowest pH in both, 
EO and EP (about 3.5), is never as low as in the case of ozonation 
(pHmin=3.0). In EP, the lowest attained pH at 30 min coincides with the 
maximum concentration of carboxylic acids (see Fig. 7a). Its increase 
after this time can be ascribed to the removal of carboxylic acids, and it 
finally reaches a pH of 9.5, which is higher than that attained during EO. 
This is due to the presence of carboxylic acids after EO treatment (see 
Fig. 5a). The carboxylic acids profile during EP (Fig. 7a) also coincides 
with the H2O2 trend (Fig. 6b). The benefit of this process (EP) is evident 
in the achieved TOC removal. As can be seen in Fig. 7b, a complete 
mineralization is reached during EP while in EO the percentage of TOC 

Fig. 5. Effect of electro-oxidation on distribution of: a) carboxylic acids and pH, b) aromatic compounds and TOC during 120 min of treatment. Reaction conditions: 
[Na2SO4]= 0.05 M, [4-CPh]o = 100 mg⋅L− 1, V = 1.3 L, Qgas= 0.150 L⋅min− 1, T = 20 ± 2 ◦C, pHo= 7.0 ± 0.05, j = 0.060 A⋅cm− 2. 

Fig. 6. Evolution with time of pH, dissolved ozone, dissolved oxygen (DO) and H2O2 during E-peroxone of (a) blank system: [Na2SO4]= 0.05 M, [4-CPh]o 
= 0.0 mg⋅L-1 and (b) 4-Chlorophenol solution: [Na2SO4]= 0.05 M, [4-CPh]o = 100 mg⋅L-1. Constant reaction conditions: V = 1.3 L, FO3 = 10 mg/min, T = 20 
± 2 ◦C, pHo= 7.0 ± 0.05, j = 0.060 A⋅cm-2. 
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removed was 93% and in ozonation was 40%. It is also relevant to 
mention, that not only the mineralization extent was higher in the EP 
process than in the other two, but this value was also achieved at a lower 
time (105 min) than in the other two. The higher mineralization degree 
achieved during EP is partly responsible for the increase of pH since a 
higher concentration of CO2 favours the production of carbonates 
(CO3

2-). 
It can be seen in Fig. S4, the 4-CPh concentration profiles under the 

three assessed treatments, at constant acid pH of 3.5 that was the lowest 
achieved during EP (Fig. 6b). As can be observed, also at constant pH, 
the removal rate of 4-CPh is higher during EP than in O3 and EO. 

In order to establish whether the removal of TOC in the EP process is 
the result of a synergic effect between O3 and EO, the synergy coefficient 
between processes was calculated according to Eq. 31 [39], 

S =
khybrid − kindividual

khybrid
(31)  

where S is the synergy coefficient and k is the kinetic constant. There are 
in Table 3, summarized the calculated values of the pseudo-first order 
kinetic constant for every individual process, O3 or EO, and for the 
hybrid process, EP. These constants were obtained by plotting ln (TOCo/ 
TOC) vs reaction time for each process. As can be seen, the synergy 
coefficient is a positive value, and this is evidence of the synergic effect 
of O3 and EO [39]. It is worth noticing that when conducting the ex
periments at constant pH= 3.5, the synergy coefficient was also positive. 
The results with constant pH= 3.5 are summarized in the supplementary 
material (Fig. S4 and table S4). 

In addition, the percentage of mineralization current efficiency, MCE 
(%), and the energy consumption (EC) were also calculated according to 
Eq. 32 and 33, respectively. 

MCE
(

%
)

=
nFVsΔ(TOC)Exp

4.32x107mIt
(32)  

where n is the number of electrons involved in the complete oxidation of 
4-CPh and that is 26 according to the following reaction, 

C6H5OCl+ 11H2O→6CO2 +Cl− + 27H+ + 26e− (33) 

F is the Faraday constant and its value is 96,487 C⋅mol− 1, Vs is 1.3 L 
(solution volume), Δ(TOC) is the change in total organic carbon in 
mg⋅L− 1, the value of m is 6 and represents the number of carbons, I is the 
applied current in A, t is the electrolysis time in h and finally, the con
stant, 4.32 × 107, is a conversion factor. 

The specific energy consumption per unit of TOC was calculated by 
means of, 

EC
(

kWh
g TOC

)

=
Ecell⋅I⋅t

VSΔ(TOC)Exp
(34)  

where Ecell is the mean cell voltage (V). 
Table 4 presents the results obtained when applying Eq. 32 and 33 to 

each process, O3, EO and EP. It is worth clarifying that in the case of O3, 
the MCE (%) was not calculated because there is not an electrical current 
directly involved in the O3 process. The value of EC shown in Table 4 for 
O3, corresponds to the energy consumed during the production of O3. 
Regarding the electrochemical processes, EO and EP, it can be observed 
that the lowest energy consumption was in the EP process. This can be 
ascribed to the already demonstrated synergetic effect of O3 and EO in 
the EP process. 

The EO of 4-CPh with BDD electrodes has been previously reported 
[40] albeit at higher current densities (0.25–0.4 A⋅cm-2), higher initial 
4-CPh concentration (500 mg⋅L-1) and higher sodium sulfate concen
tration (0.1 M) than in this work. As consequence, the EC in such a work 
was also higher (2.6 kWh/TOC) than in this work (see Table 4). 
Regarding the MCE(%), the calculated value in this work, at the end of 
treatment, was 11.48% while in the above mentioned work was only 
9%. The higher value of EC for EP is attributable to the energy con
sumption during the O3 generation. 

3.4. Production of chloride and oxychlorine anions during O3, EO and EP 

For each process, the chloride concentration was determined over
time. The measured chloride concentration was then contrasted with 
theoretical chloride values that were calculated under the assumption 
that the dichlorination of each mole of 4-CPh produces one mole of 
chloride [41]. In this way, the estimated theoretical chloride ions con
centration was 35.89 mg⋅L− 1 after 120 min of treatment. Fig. 8 depicts 

Fig. 7. Effect of E-peroxone treatment on distribution of: a) carboxylic acids and pH, b) aromatic compounds and TOC during 120 min of treatment. Reaction 
conditions: [Na2SO4]= 0.05 M, [4-CPh]o = 100 mg⋅L-1, V = 1.3 L, FO3 = 10 mg/min, T = 20 ± 2 ◦C, pHo= 7.0 ± 0.05, j = 0.060 A⋅cm-2. 

Table 3 
Pseudo-first order kinetic constants (k) for TOC removal and synergy coefficient 
(S) with ozonation (O3), electro-oxidation (EO) and E-peroxone (EP) at 
pHo= 7.0. R2 =determination coefficient.  

Treatment R2 k (min− 1) S 

O3  0.9728  0.0051  0.31 
EO  0.9949  0.0247 
EP  0.9853  0.0430  

Table 4 
Mineralization efficiency and Energy Consumption at the end of every treatment 
(120 min).  

Process MCE 
(%) 

EC 
kWh/g TOC 

Ozonation –  0.47 
EO 11.48  2.31 
EP 12.24  2.84  
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the chloride concentration as a function of treatment type and time. The 
attained maximum chloride concentration represented 57%, 41% and 
16% of the theoretical value for EP, EO and O3, respectively. This sug
gests that most of chlorine is not in an oxidized form in the case of EP 
process [42]. The maximum chlorides concentration varies according to 
the following order EP>EO> O3. 

As can be seen in Figs. 9–11, the distribution of other chlorine species 
also depends on the type of treatment. The plausible oxychlorine species 
produced upon oxidation of a chlorinated compound are hypochlorite 
(ClO-), chlorite (ClO2

- ), chlorate (ClO3
- ), and perchlorate (ClO4

- ). Fig. 9 
shows the oxychlorine anions distribution during ozonation. It can be 
observed that such a distribution is significantly different to that 
observed during EO and EP, Figs. 10 and 11, respectively. In the case of 
ozonation, the oxychlorine anion with the highest concentration is 
chlorate. This ion, according to Levanov, 2019 [43], can be produced by 
O3 molecular attack and/or by hydroxyl radicals of chloride ions in 
solution, depending on pH. It can also be observed in Fig. 9, that the 
concentration of chlorate starts to decrease after 45 min of treatment. 
This can be associated to a plausible chlorate reduction by H2O2, that is 
being in-situ produced (see Fig. 2b) [44]. An increase in chlorate con
centration is once again observed after 75 min and this can be ascribed to the oxidation of chloride ions by O3 occurring faster than the plausible 

aforementioned chlorate reduction by H2O2. It is worth noticing that the 
consumer of O3, i.e. the 4-chlorophenol, is exhausted after 75 min of 
treatment (see Fig. 3b) and this implies that after this time, the number 
of O3 molecules available to oxidize other species like the chlorine ones, 
increases. This is even reflected in the appearance of O3 after 90 min in 
Fig. 2b. It is important to note, in Fig. 9, that perchlorate is also being 
formed albeit at smaller concentration than in the 
electrochemical-based systems. Actually, the ozonation system is the 
only one where perchlorate is completely eliminated after 90 min of 
treatment. This can be explained based on the produced intermediary 
species. Small concentration of perchlorate ion has been related to the 
ozonation of ClO- and ClO3

- , while higher perchlorate concentration is 
expected when the ozonated molecule is ClO2

- [45]. 
The above-mentioned reactions with ozone, take place due to the 

ozone oxidation potential E◦ (O3 / O2) = 2.07 V / SHE. These plausible 
reactions are summarized below [43,46], 

2H+ + 2Cl− +O3→O2 +Cl2 +H2O (35)  

Cl− +O3→O2 +ClO− (36)  

ClO− +O3→O2 +ClO−
2 (37) 

Fig. 8. Effect of treatment type and time on chlorides concentration: a) ozon
ation, b) Electro-oxidation (EO), c) Electro-peroxone (EP). Reaction conditions: 
[Na2SO4]o= 0.05 M, [4-CPh]o = 100 mg⋅L-1, V = 1.3 L, j = 0.060 A⋅cm-2, 
Qgas= 0.150 L⋅min-1, FO3 = 10 mg/min, T = 20 ± 2 ◦C, pHo= 7.0 ± 0.05. 

Fig. 9. Effect of ozonation on the temporary profiles of oxychlorine anions. 
Reaction conditions: [Na2SO4]o= 0.05 M, [4-CPh]o = 100 mg⋅L-1, V = 1.3 L, FO3 
= 10 mg/min, T = 20 ± 2 ◦C, pHo= 7.0 ± 0.05. 

Fig. 10. Effect of Electro-oxidation on the temporary profiles of oxychlorine 
anions. Reaction conditions: [Na2SO4]o= 0.05 M, [4-CPh]o = 100 mg⋅L− 1, V 
= 1.3 L, j = 0.060 A⋅cm− 2, Qgas= 0.150 L⋅min− 1, T = 20 ± 2 ◦C, 
pHo= 7.0 ± 0.05. 

Fig. 11. Effect of E-peroxone on the temporary profiles of oxychlorine anions. 
Reaction conditions: [Na2SO4]o= 0.05 M, [4-CPh]o = 100 mg⋅L-1, V = 1.3 L, 
j = 0.060 A⋅cm-2, FO3 = 10 mg/min, T = 20 ± 2 ◦C, pHo= 7.0 ± 0.0. 
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ClO−
2 +O3→[ClO•

2 +O•−
3

]
→O2 +ClO−

3 (38)  

ClO−
3 +O3→O2 +ClO−

4 (39)  

H2O+Cl2 + 5O3→2ClO−
3 + 5O2 + 2H+ (40) 

Regarding EO and EP, the anodic oxidation of chlorine species is 
undeniable [47] and leads to a higher accumulated concentration of 
ClO4

- (see Figs. 10–11), than when only ozone is applied. In the elec
trochemical systems, in addition to reactions 35-40, Cl- is progressively 
oxidized at the anode (BDD) to Cl2 (reaction 41) and higher oxychlorine 
anions (reaction 42) [48] like chlorite (ClO−

2 ), chlorate (ClO−
3 ), 

perchlorate (ClO−
4 ), hypochlorous acid/hypochlorite (HOCl/OCl-). 

Actually, previous research suggests that BDD electrodes form twice 
faster perchlorates (ClO−

4 ) than other electrodes, i.e. Pt, IrO2, IrO2, RuO2. 

2Cl− →Cl2 + 2e− (41)  

Cl− →HOCl
/

OCl− →ClO−
2 →ClO−

3 →ClO−
4 (42) 

The sequence shown by Eq. 42 is possible thanks to the hydroxyl 
radicals produced at the BDD surface and the following sequence of 
reactions proceeds, 

Cl− +HO•⇌HClO.− ⇌Cl• +OH− (43)  

Cl− +Cl•⇌Cl.−2 (44)  

Cl− + 6HO•→ClO−
3 + 3H2O (45)  

Cl− + 8HO•→ClO−
4 + 4H2O (46) 

The production of chlorine radical by reaction 44, also allows the 
further participation of O3 in the following reactions [43], 

Cl.−2 +O3→O2 +ClO. +Cl− (47)  

ClO. +ClO.→Cl2O2 (48)  

Cl2O2 +H2O→2H+ +Cl− +ClO−
3 (49) 

Species such as Cl2O2 and ClO2
- have been considered instable during 

the degradation process since they are easily oxidized to species such as 
ClO3

- [49] and this is the reason for not applying an analytical method to 
identify such oxychlorine compounds. In addition, the production of 
chlorate has been reported to be favored during EO and using sodium 
sulfate as anolyte. This phenomenon has been ascribed to the activation 
of the sulfate anions at the BDD anode, which can also react with oxy
chlorine radicals like ClO•

2 and then produce ClO−
3 [50]. Concomitantly, 

H2O2 (produced at the cathode) may react with the chlorinated species. 
This reaction can be either of reduction or oxidation, depending on the 
solution pH [51]. 

Cl− +H2O2→ClO− +H2O (51)  

2ClO− +H2O2→ClO−
3 +Cl− +H2O (52)  

ClO−
3 +H2O2→ClO−

4 +H2O (53)  

2ClO− + 2H2O2→2Cl− + 3O2 + 4H+ (54)  

2H+ + 2ClO−
3 +H2O2→2ClO2 + 2H2O+O2 (55) 

Thus, it can be concluded that among the three assessed systems, the 
chlorine species are mostly reduced in the ozonation process, where only 
chlorine and chlorate were identified at the end of the treatment. It can 
be observed in all cases, that the moment where the oxychlorine ions 
accumulation slows down, coincides with a change in slope in the 
consumption of aromatic compounds, this was expected since the 
chlorinated aromatic compounds are the precursors of Cl-. 

It can be observed in Figs. 10–11, that during the first 5 min of re
action, appreciable amounts of ClO-, ClO−

3 and ClO−
4 are observed only in 

the EP process and not in the EO process, despite the fact that 
ClO−

4 formation has been reported to be favored at high current den
sities during BDD electrolysis and that may be prevented using only 
small current densities to decrease the formation of HO• and ClO−

3 and 
therefore the chance of their subsequent reaction to ClO−

4 in the 
diffusion layer of the BDD anode [52]. This supports the fact that, during 
the first five minutes of EP, the 4-CPh degradation is dominated by the 
molecular ozone attack rather than by hydroxyl radicals attack. These 
results also suggest, however, that the production of oxychlorine anions 
is dominated by hydroxyl radicals (reactions 43-46) rather than by 
O3-based reactions. This coincides with the reaction sequence proposed 
by [11] albeit with a system free of organic molecules. In conclusion, in 
the electrochemical systems, the chlorinated species are predominantly 
transformed at the anode surface [43,47]. 

3.5. Toxicity 

For each sample a toxicity bioassay with lettuce (Lactuca sativa) was 
conducted. This is a static toxicity test that is applied to establish the 
phytotoxic effects on seeds by monitoring their development during the 
first five days of growth (120 h). 

Fig. 12 depicts the root elongation results in the control experiments. 
It can be observed that the lettuce seeds showed the highest percentage 
of germination (≥ 90%) in the control experiment with deionized water 
(CDI) and the average root elongation was 21.65 mm with a variation 
coefficient of 4.12, while in the other two control experiments, the root 
elongation was 17.53 mm and 5.84 mm for the control with sodium 
sulfate (CSS) and with zinc sulfate (positive control, PC), respectively. In 
these cases, the variation coefficient was 12.65 and 3.01. The average 
germination was 95%, 95% and 80% in the CDI, CSS and PC, respec
tively. These results reassure that there is not a toxicity effect in the 
negative controls (CDI and CSS) and there is toxicity in the control 
experiment with zinc sulfate. According to established criteria on 
phytotoxicity, a solution is considered toxic when the germination 
percentage is between 75% and 90% [53,54]. 

On the other hand, the inhibition of the radicle elongation is an in
dicator of sublethal toxicity [55], highly used to determine the quality of 
water and is considered more sensible towards toxicity than the seeds 
germination indicator. If the root elongation is lower than the 50% of the 
root elongation average in the control experiment, then it is concluded 

Fig. 12. Root elongation of Lactuca sativa seeds in the control experiments: 
deionized water, sodium sulfate (0.05 M) and ZnSO4.7 H2O (25 mg⋅L− 1 of 
Zn2+), pH= 7.0 ± 0.05. 
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that the solution is toxic [54]. The average of the root elongation in the 
CDI is indicated by the discontinuous black line in Fig. 12 while the red 
discontinuous line indicates the 50% of the root elongation average in 
the CDI. It can also be observed in Fig. 12, that the root elongation in 
15% of the total seeds exposed to 0.05 M sodium sulfate solution, is 
lower than the 50% elongation of the CDI, indicating there is certain 
degree of toxicity exerted by the sodium sulfate. The toxicity of sodium 
sulfate has been previously reported by [54]. 

Fig. 13 shows the effect of treatment on germination index (GI). The 
values of RSG, RRG and corresponding relative standard deviation 
(RSD) to calculate this parameter, are provided in table S3 as supple
mentary material. 

It can be observed in Fig. 13, that only the EP process allows the 
complete toxicity elimination from the treated solution after 105 min of 
reaction (GI > 90%). At the same time, the capacity of toxicity removal 
by EO is not very different from that attained with O3, since with the 
former a GI = 30% is attained and GI = 20% with the latter. In the case 
of ozonation, to establish the species that are contributing the most to 
the observed toxicity, Figs. 2b, 3a, 3b, 8 and 9 are analyzed. In these 
figures, it can be observed that the remained compounds are mainly 
oxalic, succinic and formic acids (Fig. 3a), chloride (Fig. 8) and chlorate 
(Fig. 9). However, the concentration of both is lower than in EP (Figs. 8 
and 11) where toxicity was the lowest, and therefore it can be inferred 
that chlorate does not contribute importantly to toxicity at the remained 
concentration of 12.5 mg⋅L− 1. Thus, although chlorate has been recog
nized as a toxic specie to some plants [56], it can be concluded that in 
the case of ozonation, this toxicity can be ascribed to the produced 
carboxylic acids that were not further oxidized. 

In EO, the main reason for the moderate toxicity at the end of 
treatment (120 min) are oxalic and formic acids (see Fig. 5a) as well as 
the unconsumed H2O2. This in concordance with that reported by [52]. 
At this point, however, the presence of persulfates cannot be discarded, 
and these might also be responsible for the toxicity increase observed 
after 75 min of EO treatment. In both processes, EO and EP, the presence 
of persulfates might be the result of sulfates oxidation [54]. In the case of 
EP, however, the produced persulfates could be activated and trans
formed to sulfate anions and hydroxyl radicals because of the produced 
alkaline conditions after 75 min of treatment [57]. According to these 
researchers, the persulfate anion undergoes hydrolysis and produces 
hydroperoxide (OH−

2 ) and sulfate anions under alkaline conditions. Then 
hydroperoxide can also reduce persulfate to produce sulfate anions and 
radicals, superoxide radicals and protons. The reported global reaction 
is [54,57], 

2S2O2−
8 + 2H2O→3SO2−

4 + SO•−
4 +O•−

2 + 4H+ (56) 

Then, the produced sulfate and superoxide radicals can contribute to 
the production of hydroxyl radicals and sulfate anions via the following 
reactions, 

SO•−
4 +OH− →SO2−

4 +OH• (57)  

OH• +O•−
2 →O2 +OH− (58)  

SO•−
4 +O•−

2 →SO2−
4 +O2 (59) 

Although the phytotoxicity effects of sodium sulfate over Lactuca 
sativa have been documented [54], the toxicity of this salt is much lower 
(EC(48 h)= 2564 mg⋅L-1) than that of persulfates towards Daphnia 
magna, EC(48 h)= 133 mg⋅L-1 [54]. Thus, in the case of EP, the observed 
increase in pH after 75 min and the presence of O3 helps to produce 
hydroperoxide via reaction 12. This anion is also the conjugated base of 
hydrogen peroxide and therefore its concentration will increase with 
pH, since the pKa of H2O2 is 11.75. 

In EO, the toxic effect of chlorate and perchlorate at the remained 
concentrations of 25 and 23 mg⋅L− 1, respectively, can be ruled out since 
they are, again, lower than those with the EP process where a low 
toxicity was determined at the end of treatment. This is in concordance 
with that published by Cook 1937 [58], who reported that 2500 mg.L− 1 

of perchlorate was the lethal dose to four different plants. This is two 
orders of magnitude higher than the concentrations obtained in this 
study. It is also worth pointing out that the USEPA [59] established a 
reference dose (RfD) of 0.0007 mg.kg− 1.d− 1 of perchlorate, equivalent 
to 24.5 μg.L− 1 in drinking water [60]. 

Thus, it can be concluded that among the studied processes, only the 
EP treatment is able to eliminate the phytotoxicity effects of the 4-CPh 
solution with a zero toxicity after treatment. 

3.6. Proposed pathway for the 4-CPh degradation by E-peroxone process 

Based on the above discussion, in the first minutes of reaction 
(t < 5 min), the expected oxidant species would be molecular O3, HO•

radicals at the anode, sulfate radicals at the anodic surface and persul
fates. According to literature [29], O3 induces dichlorination. In this 
case, and according to Fig. 8, this occurs faster by HO• attack than by O3. 
This may be the reason for detecting 4-chlorocatechol in much lower 
concentration in the electrochemical treatments than in O3. Thus, in  
Fig. 14 two main routes of oxidation are distinguished, one conducted by 
the molecular attack of ozone that provokes the cleavage of the aromatic 
ring producing dicarboxylic acids that are readily oxidized by O3 via a 
Criegeés mechanism [29]. This is supported by the appearance of ma
leic, fumaric, oxalic and formic acids since the first five minutes of 
treatment (Fig. 7a) which also led to a rapid decrease of pH (Fig. 6b). 
Therefore, although there are other oxidizing agents, the EP becomes 
predominant and this was also demonstrated by the synergy coefficient 
(0.31). This implies that despite the other oxidizing agents, the other 
route of reaction indicated in Fig. 14 is dominated by HO•. In this route, 
HO• induces dichlorination and phenol and catechol appear. Later hy
droxylation on the Carbon (C-4)-position of phenol led to hydroquinone 
which is subsequently dehydrogenated to p-Benzoquinone [61]. A par
allel HO• attack on Carbon (C-4)-position of 4-CPh also yields hydro
quinone with loss of Cl- [29]. The oxidation of benzoquinone, after the 
ring opening, led to the formation of aliphatic carboxylic acids such as 
maleic, malonic, succinic and fumaric acids, which were degraded to 
oxalic acid, acetic acid and formic acid [30]. The final products of 
mineralization were carbon dioxide, water and chloride. 

4. Conclusions 

H2O2 is in-situ produced when degrading 4-Chlorophenol via EP, EO 

Fig. 13. Effect of type of treatment on germination index percentage (GI%) of 
Lactuca sativa seeds. Where: (L) is Low toxicity, (M) is Moderate toxicity and (H) 
is High toxicity or maximum phytotoxicity. 
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or O3. During the EP process, 4-CPh was rapidly destructed by molecular 
O3 in the bulk solution and by the produced HO•. After a reaction time of 
120 min, EP was found to be the only process that leads to the complete 
mineralization of 4-CPh and phytotoxicity removal. At the same reaction 
time, the mineralization reached by EO and O3 was 93% and 40%, 
respectively. The calculated synergy coefficient for the EP was 0.31 at 
initial pH= 7, while the mineralization current efficiency percentage 
(MCE%) and the energy consumption (EC) were 12.24% and 11.48%, 
2.84 and 2.31 kW⋅h− 1, for EP and EO, respectively. The germination 
percentage of Lactuca sativa, was 100%, 30% and 20%, at the end of EP, 
EO and O3, respectively. This indicates that phytotoxicity, was only 
eliminated with EP. In the three processes, O3 and/or H2O2 are in-situ 
produced. The HO• production is rather limited during ozonation and 
intensified by the electrochemical process. Thus, the carboxylic acids 
that are resistant to be oxidized by molecular O3, are effectively 
mineralized by HO• produced from the multiple sources (e.g. H2O 
oxidation at the BDD anode, sulfate radicals and O3 decomposition at 
alkaline pH) in the EP system. The maximum chloride and oxychlorine 
anions concentration vary according to the following order EP>EO>O3. 
Hypochlorite formation is not detected during the ozonation process. 
This process does not favor perchlorate formation neither. 

In the O3 and EO processes, the observed toxicity at the end of 
treatment can be ascribed to the presence of carboxylic acids, uncon
sumed H2O2, sulfates and persulfates (in EO). 
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