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Abstract

In the context of water remediation, advanced oxidation processes have been proven to be
an effective solution. In most of the cases, however, the reaction systems are usually highly
expensive, because of the addition of chemical substances or energy consumption. This
usually constrains their application at an industrial scale. This has motivated several
researchers to develop technologies able not only to intensify the processes but able also to
increase the sustainability of the whole process. In this context, this work aimed to assess a
relatively novel technology, a Downflow Bubble Column Electrochemical Reactor
(DBCER), in the mineralization of a rather typical organic pollutant, phenol.

The studied variables were: current density (20-60 mA/cm?), electrolyte concentration
(0.025-0.1 M), liquid recirculation rate (4.7 and 6 L/min) and pH (3 and 7). The response
variables were total organic carbon (TOC), phenol and by-products concentration, oxidant
species concentration (O,, H,O, and O3).

It was demonstrated that the DBCER with BDD electrodes allows not only the production
of "OH, but also the in situ production of O,, H,0, and O3 (without the addition of any gas)
and more importantly their utilization to conduct an electro-peroxone process.

The highest mineralization degree was around 75 % under pH 3, 60 mA/cm?, 4.7 L/min and
an electrolyte concentration of 0.05 M. Under these conditions, it was figured out that the
phenol oxidation occurs mainly by ozone attack and the main remaining compound was
oxalic acid. Although at pH 7 the mineralization degree was lower than at pH 3, it was
demonstrated by a biotoxicity study on Cyprinus carpio that the original toxicity was
significantly decreased.

1. Introduction

Electrochemical Advanced Oxidation Processes (EAOP) have become of paramount
importance in the context of water remediation [1]. Despite their proven efficiency, and in
the context of sustainability, research on this topic is still needed since there remain
challenges to be addressed like energy consumption, scaling-up, process intensification to
reduce the treatment time and minimization of operating costs, mainly. An important
strategy is the improvement of existing processes by minimizing the addition of chemical
reagents and the discharge of waste to the environment. In this sense, since some years ago,
several researchers have focused on the improvement of the peroxone process [2] that
mainly consists on the generation of strongly oxidant species by the reaction of hydrogen
peroxide with ozone,

2H,0, + 205 - H,0 + 30, + HOS + OH® 1)



Conventionally, the two reagents are added to the reaction system, the first with
commercial H,O, and the second one supplying oxygen to an ozone generator to produce it.
Lately, however, H,O; in-situ electrochemical production has been widely reported by
using carbonaceous materials as electrodes [3,4]. This has been mainly applied to carry out
electro-fenton and electro-peroxone processes that consist on conducting reaction 1 but
with electrogenerated hydrogen peroxide by reduction of oxygen at the cathode,

O3y + 2H* + 2¢~ > H,0, )

This reaction has also been reported to occur with boron doped diamond electrodes (BDD)
[5,3].

The increase in the use of the electro-peroxone process has been motivated by the following
advantages in the mineralization of pollutants [6-9]:

e Accelerates the transformation of O3 to ‘OH [10].

e The addition of H,O, and O3 does not generate polluting by-products, only H,O and
02[11,12].

¢ Reduced formation of bromates and bromide (compounds potentially carcinogenic)
in effluents[13,14].

e The process efficiency is increased, and the energy demand is decreased, this is
because the treatment time is shorter with respect to the separate processes. Also, it
is a safer option with lower costs [9].

e Enhances the abatement kinetics of ozone resistant pollutants [15] .

Nevertheless, in a typical electro-peroxone process the external production and addition of
Ojs still is a common practice and represents an opportunity of improvement not only from
the chemical point of view but also from an economical angle. In this sense, recently, the
simultaneous generation of ozone and peroxide at neutral pH has been reported and this
eliminates the implementation of an ozone generator, which saves the costs of the process.
This reaction system was implemented using a carbon PTFE cathode and as anode a
membrane electrode assembly (MEA) [16] and the following reactions were reported to be
the via of reagents production,

Cathode 1.50, + 6H™ + 6e~ - 3H,0 3)
Anode 3H,0 - 6H* + 6e~ + 03 (4)

In the context of BDD electrodes application, however, since more than a decade ago is
known that ozone is produced in the electro-oxidation process, in similar way to the
abovementioned system [17]. The typical cells to achieve so, however, are not able to retain



the produced gas within the system and therefore the generated O3 is underutilized since it
is only given a rather limited contact time with the reacting solution. In this sense, it is
desirable to have a reactor that allows to overcome such a drawback.

Because all the aforementioned, it was the main objective of this work to assess the
performance of a Downflow Bubble Column Electrochemical Reactor (DBCER) equipped
with BDD electrodes in the in-situ and simultaneous production of H,O, and O3 to conduct
an oxidation process. This type of bubble column, albeit without electrodes, has been
successfully applied to conduct gas absorption, photo-catalyzed processes and
hydrogenation reactions [18-20]. Among its main documented advantages are the high gas-
liquid volumetric mass transfer coefficients and a 100% gas utilization by maintaining the
bubble dispersion within the reaction zone.

A conventional operation of this bubble column implies the simultaneous injection on the
top of the reactor of the two-phase, gas and liquid. In this proposal, however, no gas is fed
into the reactor, but oxygen and ozone are electro-generated in situ as well as hydrogen
peroxide. To test the efficiency of this electrochemical reactor, phenol was used as a model
molecule, which is a highly persistent pollutant and is found as a raw material or typical by-
product of degradation in the chemical industry. A biotoxicity assay of the treated effluent
is also presented.

2. Materials and methods
2.1 Chemicals

A phenol standard (99.5% purity) purchased from Merck was used to prepare the solutions
for experimentation and for HPL.C analysis. Sodium sulfate (Na,SO,) provided by Reasol
was used for the preparation of the electrolyte solution. In some cases, the solutions were
adjusted to a specific pH, employing solutions of NaOH or H,SO,4 [1M], both reagents were
supplied by Fermont. With respect to chromatographic analysis, the mobile phases were
prepared with methanol HPLC grade, purchased from Fermont. Potassium phosphate
monobasic (K;HPQ,) and ortho-phosphoric acid (HsPO,485%) purchased from J.T Baker
and Merck, respectively, were used to prepare the buffer solution. To quantify the hydrogen
peroxide concentration evolution with time, a titanium sulfate solution was prepared by the
reaction between TiO, (Degussa) and H,SO,4 [21]. To determine the ozone concentration, a
solution with phosphate monobasic, ortho-phosphoric acid and potassium indigotrisulfonate
supplied by Sigma Aldrich, was prepared [22]. All solutions for calibration were prepared
with deionized water.

2.2 Downflow Bubble Column Electrochemical Reactor (DBCER)

This reaction system is shown in Figure 1. The DBCER is a cylindrical undivided cell
made of borosilicate, the volume is 2.0 L with an internal diameter of 5 cm and 100 cm of
length, and a couple of electrodes of Boron Doped Diamond (BDD manufactured by
CONDIAS) with 50 cm? of active area. The dimensions of each electrode were 20 cm x 2.5



cm. At the top flange there is a small orifice (4 mm) that exerts a Venturi effect on the
entering phases (electrolyte solution that is being recirculated). Because of the high energy
at which the liquid enters the reactor, the generated gas at the electrodes is broken down
and a matrix of small bubbles is generated thus increasing turbulence, contact area and
mass transfer between gas-liquid-solid (electrodes). In addition, and unlike up-flow bubble
columns, the arrangement proposed here offers the advantage of keeping the gas phase in
contact with the liquid phase at all times. Also, because the cell is fully flooded with liquid,
the length of electrodes is a plausible variable to be studied as well as the surrounding
hydrodynamics (one or two-phase). This implies a near to 100% utilization of the either
input or generated gas. In this reactor, the bubble matrix height depends on the inlet liquid
velocity (at the inlet orifice), the coalescing characteristics of the system, gas production
and consumption rate, pressure and temperature. In order to initiate and maintain the
dispersion of the gas into the liquid and produce a stable bubble matrix, a minimum inlet
velocity must be established. In this work, it was experimentally determined to be 6.23 m/s
(given by the 4.7 L/min liquid flowrate). This inlet velocity ensures the gas will not
accumulate on top of the column in the range of studied variables for this system.

It is observed in this type of reactors, that the gas bubble size increases along the axial
direction due to coalescence. At the maximum bubble dispersion height (~ 0.3 m) the
Sauter mean diameter of the bubbles was found to be 0.8 x 10 m. To establish this value, a
millimetric scale was sticked to the column and images were taken with a Camera Fuji 300.
The size of 30 bubbles per image was then obtained and the mean Sauter diameter was
calculated. This diameter was not found to significantly vary within the range of the studied
variables. This is an important value in order to calculate the bubble rise velocity which
dictates the maximum liquid velocity in order to maintain the bubble dispersion within the
reactor. If the liquid velocity in the reactor is higher than the bubble rise velocity, then the
bubbles are carrying away from the reactor and the gas in underutilized. Thus, this is not a
recommended operating mode. In our case, the maximum liquid flowrate (6 L/min)
provided by the pump allowed the coalesced bubbles to rise up to the top where they were
breaking down again into small bubbles by the hydrodynamic effect of the high inlet
velocity, thus allowing to maintain the bubble dispersion.

The gap between electrodes used in this study was 8x10 m at all experiments. Current
density was controlled by a power supply EXTECH 1683. The oxygen generated in situ by
BDD electrolysis was on-line monitored by an oxygen analyzer HACH 400. At the same
time, ozone was in situ generated with the oxygen produced by electrolysis. At the end of
the process, the unconsumed ozone was sent to a device called ozone destroyer
(manufactured by Pacific Ozone Technology). The gas purge line was placed on top of the
column (see figure 1), thus, the valve right below the Ozone destroyer was opened in order
to purge any remained gas.

The pipelining, valves, tank and cooler were fabricated of stainless steel. To recirculate the
solution in the system a WEG centrifugal pump of 1 HP was employed. The pump used to
recirculate the solution, transfers heat to the solution and this is an advantage if temperature



was a variable to be assessed. Nevertheless, a cooling system was necessary to conduct
experiments at constant temperature. For this purpose, a Rotoplas™™ centrifugal pump of
0.5 HP, was coupled to a cooling tank to control temperature.

Power supply Ozone destroyer Oxygen analyzer

o

H O

electrodes
Recirculation

vessel

Bubble Column —

Cooling tank

Figure 1. Downflow Bubble Column Electrochemical Reactor (DBCER)

2.3 Phenol Oxidation

In order to establish the feasibility of conducting oxidation processes in the DBCER,
phenol removal was studied.

First of all, the conductive-diamond electro-generation of O,, H,O, and O3 was studied
without the addition of phenol. For this purpose, only water (from the mains) was
employed. This water had an initial TOC of 35 mg/L, initial O, concentration of 5.9-6.5
mg/L, pHo (7.4-8.1) and conductivity (950-983 uS). This study was conducted under a
liquid recirculation rate of 4.7 L/min and the effect of current density (20, 40 and 60
mA/cm?) and pH (3, 7 and without control) was established.

For the study of phenol removal, 100 mg/L phenol solutions were prepared and for that
purpose mains water was used at all times. The studied variables were liquid recirculation
flowrate (Qy), electrolyte concentration and pH. Current density was kept constant at all
times at 60 mA/cm?. The effect of Q_ was investigated at two levels, 4.7 and 6 L/min. At
these liquid flowrates, the liquid velocity was enough to maintain a bubble dispersion
without gas accumulation on the top of the column and without bubbles being carried away
from the reactor. The study of the effect of liquid flowrate was carried out only at acidic
conditions (pH=3) and with an electrolyte concentration of 0.05 M. When studying the



effect of electrolyte concentration, the acidic conditions were maintained and the lowest
flowrate was employed. Finally, the effect of pH (3 and 7) was studied and for this purpose
the other reaction conditions were elected according to the highest attained TOC removal,
i.e. Qu=4.7 L/min, [electrolyte]=0.05 M and J=60 mA/cm?. At all cases the response
variables were total organic carbon (TOC) removal and phenol concentration (when added).
Phenol oxidation by-products concentration and conductive-diamond electrogenerated
species concentration (O,, H20, and O3) were also established when studying the effect of
pH. Temperature was 23°C * 2 at all experiments. Although the reactor design allows to
conduct the experiment at pressures in the range of 0 — 4 bar, all experiments were
conducted at an absolute pressure of 0.74 bar.

2.4 Analytical procedures

The mineralization degree was established by the quantification of Total Organic Carbon
(TOC) with a Shimadzu TOC-L analyzer by injecting aliquots of 50 pL per sample.
Regarding pH, this variable was monitored by a Fischer Scientific TB-150 pH-meter.

An UHPLC Vanquish diode array detector (Thermo Scientific) was used to quantify the
phenol and its oxidation by-products (Aromatic compounds and carboxylic acids). The used
software was Chromeleon 7.2. In this analytical procedure, the injection volume was 5 pL
and temperature was controlled at 25°C to conduct the chromatography in isocratic mode.
For the analysis of aromatic compounds, a column Ascentis Express C-18 (Supelco), 3.0
cm in length and 4.6 mm in diameter, was used. The mobile phase was Methanol/H,0,
(20:80 v/v and 5mM H,S0O,) at 1.0 mL/min. Regarding wavelength, this was set at 246, 270
and 280 nm. The rest of by-products were separated by a ZORBAX Eclipse XDB C-18
(Agilent) column, 15.0 cm in length and 4.6 mm in diameter, employing a buffer solution
as a mobile phase of Methanol/H,0, (10:90 v/v) and 30 mM K,;HPO, adjusted at pH 2.5
with H3POy. This solution was pumped at 0.5 mL/min and the wavelength was s et at 210
nm.

To quantify the amount of hydrogen peroxide, an aliquot from reaction solution was treated
with titanium sulfate and then analyzed at A: 408nm [21]. At the same time, other sample
was taken to determine ozone concentration employing Potassium indigotrisulfonate at A:
600 nm [22]. Both spectroscopic determinations were conducted with a PerkinElmer Model
Lambda 25 UV/Vis spectrophotometer using a quartz cell with 1 cm of optical path.

The percentage of mineralization efficiency (MCE%) was estimated for each studied
variable with the following equation,

nFV,A(TOC; — TOCy)

MCE(R) = — oo T mit

* 100 (5)

where n is the number of consumed electrons, considering that phenol is mineralized as
follows,



CsHgO + 11H,0 = 6C0, + 28 H* 4+ 28 e~ (6)
F is the Faraday constant (96487 C.mol™), Vs is the treated solution volume in liters (L),

A(TOC; — TOCy) is the experimental TOC change in the treatment time t (h), TOC;= initial
TOC, TOCs= final TOC, 4.32 x10" is a conversion factor to homogenize units (=3600s.h™,
12,000 mg carbon.mol™), m, is the number of carbon atoms in the molecule (6 atoms),

I, is the applied current (Amperes).

The energy consumption per unit of removed TOC was calculated also for each studied
variable with the following equation,

Ecell It

EC(kWh(gTOC)™) =
(Wh(gTOC)™) V; A(TOC; — TOCy)

«100 (7)

where E¢ is the applied voltage.

2.5 Biotoxicity study

In order to establish the biological efficiency of the treatment conducted at pH 7 in the
DBCER, sub-lethal toxicity tests on fish were conducted. For this purpose, two biomarkers
were employed, i.e. 1) single-cell gel electrophoresis (comet assay) and 2) Micronuclei
assay. Both tests were conducted on erythrocytes of the test specimens.

The acquisition and adaptation of test organisms, sub-lethal toxicity assays, the comet and
the micronuclei assays are described in detail in the Supplementary Material 1 (S1).

3. Results and discussion
3.1 Conductive-diamond electro-generated O,, H,O, and O3

As starting point, the concentration of in situ electro-generated oxidant species in a blank
solution (without adding phenol) was established. Such species were hydrogen peroxide,
oxygen and ozone at different reaction conditions. Figure 2 depicts the concentration
profiles of each oxidant in the current density range of 20 — 60 mA/cm?, recirculation
flowrate of 4.7 L/min, electrolyte concentration of 0.05 M Na,SO, and pH=3. In order to
study the distribution of oxidant species, phenol was not added. The results of similar
experiments, at pH=7 and without pH control though, are presented in the supplementary
material S2.

In all cases, the water used in these tests has an associated initial oxygen concentration
(5.9-6.5 mg/L). Nevertheless, when a current density is applied, oxygen concentration tends



to increase (see figure 2 and S2.1 and S.2.2) and this can be ascribed to the side reaction of
oxygen evolution that can be represented as follows [23],

2H,0 — 0, + 4H* + 4e~ (8)

In conventional electrochemical cells, the oxygen generated from reaction (8) is typically
released to atmosphere. Advantageously enough, the DBCER not only allows to keep this
gas inside the reactor but also to efficiently disperse it into the electrolyte to maximize its
use and consumption. As can be seen from Figure 2, oxygen concentration increases with
respect to the initial value up to 9 mg/L. Although oxygen evolution does not favor the
formation of hydroxyl radicals, this gas can be transformed to ozone and hydrogen
peroxide. The latter is expected to be produced at the cathode by oxygen reduction
according to reaction (2) and it is also formed by the addition of two hydroxyl radicals, as
observed in reaction (9) [4],

OH' + OH* > H,0, (9)

On the other hand, ozone can be produced by water electrolysis according to the following
reaction [24],

3H,0 - 05+ 6HY + 6e~ (10)

To obtain this reaction (10), specifically with BDD electrodes, several authors have

documented and proposed a mechanism based on the following reactions [24],

H,0 > OH' + H* + e~ (11)
OH®* - 0* + H' + e~ (12)
20" = 0, (13)



20H* - H,0, (14)
H,0, > 0, + 2H* + 2e~ (15)
0,+ 0° - 0, (16)

As can be observed in reaction 15, the hydrogen peroxide is decomposed to oxygen and
protons. This may explain why oxygen concentration increases even when ozone is being
produced and also why hydrogen peroxide is not appreciable. It is also plausible that the
hydrogen peroxide could be reacting with the produced ozone as follows [11],

H,0,+ 03 » °‘OH + °05 + 0, (17)

This reaction not only would explain the increase in oxygen concentration but also explains
the minimum quantified amount of H,O, when phenol is not added. This phenomenon has
also been previously reported [11] .

Despite the O3 consumption by reaction 17, it is worth noticing that ozone concentration
was practically constant (5 £ 0.5 mg/L) during the whole experiment, excepting at pH 3 and
60 mA/cm?, where ozone concentration decays down to 2.9 mg/L.

It is worth clarifying that even when phenol was not added, the initial TOC of the
electrolyte solution for this study was 35 mg/L. This is due to the electrolyte solution being
prepared with mains water. Thus, TOC analyses were also conducted in this blank
experiment at the beginning and after 6 h of electrolysis. The results show a reduction of
40% and 55% when current densities of 20 mA/cm? and 40 mA/cm? were applied,
respectively. However, the highest removal value (98%) was obtained with a current
density of 60 mA/cm?. This can be associated with the increase of hydroxyl radicals
production and the presence of protons which facilitates to maintain the acidic media via
the following reaction [25],

BDD + H,0 — BDD(OH®) + H* + e~ (18)

Furthermore, only under these experimental conditions, pH=3 and 60 mA/cm?, the ozone
concentration decays from 5 + 0.5 mg/L to 2.9 mg/L (see figure 2). This behavior and the
high TOC removal achieved under these conditions, suggest that the ozone participation in
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the mineralization of the solution increases in this might be due to oxidation route 1 (see
figure 9).

The obtained results regarding TOC removal in the blank solution, are a clear indicative
that in acidic media and with high current densities, the concentration of the in-situ
produced oxidants is enough to eliminate the organic matter from water. It should also be
kept in mind that at high current densities, the amount of hydroxyl radicals is also expected
to increase by reaction (18) and thus the direct oxidation over the electrodes surface by
means of reaction 19,

BDD(OH*)+ R—> BDD +C0,+H,0+ H" + e~ (19)
0 60 120 180 240 300 360
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Figure 2. Effect of current density on conductive-diamond electro-generation of O, Os,
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3.2 Phenol oxidation: Effect of Recirculation flow-rate and electrolyte concentration

In the previous section, the quantification of oxygen, hydrogen peroxide and ozone
demonstrated that is possible to generate them simultaneously in-situ and to keep them
inside the electrochemical reactor and use them to mineralize organic matter, thus showing
the feasibility of conducting an electro-peroxone treatment without the external addition of
ozone or hydrogen peroxide but generating them in situ. Nevertheless, it was decided to add
phenol in order to fully demonstrate the capabilities of the assessed technology.

The effect of recirculation flowrate (Qr) on normalized TOC is shown in Figure 3. These
results show a significant lower TOC removal rate when maximum recirculation flowrate is
applied. Reynolds number (Re) and residence time (t) were calculated for every liquid
flowrate within the column reactor. At 4.7 L/min, Re was 2131 and t was 25 s. These
parameters were 2721 and 19.6 s for 6 L/min. These Re numbers were calculated with the
liquid velocity in the electrodes area and the residence time refers to the time that the liquid
spends in the column per pass (keep in mind that the liquid is under constant recirculation).
Thus, in terms of TOC removal, it can be concluded that is more beneficial to increase
residence time rather than turbulence, i.e. Re number.

The effect of electrodes location (top and bottom) within the DBCER was also studied. The
results are shown in figure S2.3. It can be observed that locating the electrodes at the top of
the column provides better results in terms of TOC removal rate and this was the reason to
carry out all the experiments with the electrodes placed at the top. Placing the electrodes at
the bottom of the column does not eliminate the presence of the gas phase because this is
where it is being produced. It was observed, however, that at this location, only the rise of
the bubbles occurs without the intense mixing that it is observed when the electrodes are
placed at the top. This might be the reason for the lower performance observed when the
electrodes are placed at the lowest part of the DBCER.

12
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Figure 3. Effect of recirculation liquid flow-rate on normalized TOC, mineralization
efficiency percentage (%MCE) and energy consumption (EC). Reaction conditions:
[Phenol]o= 100mg/L, [TOC]o= 118 mg/L, pH=3, j=60 mA/cm?, 0.05 M [Na,SO.], V= 3.5 L
and T=23°C £2.

Another important aspect of the process is the electrolyte concentration, since it is directly
related to the solution conductivity and the generation of oxidant species. Regarding this
variable, the preferable value in Electro-Fenton and Electro-Oxidation is 0.05 M of sodium
sulfate [25,27-29], only in few investigations this value has been increased to 0.1 M [30].
In this work, the effect of this variable on normalized TOC was assessed in the range of
0.025-0.1 M and the results are shown in Figure 4. It is well known that the solution
conductivity is directly related to the concentration of supporting electrolyte, in this case
with the value of 0.025 M, less TOC was removed (20% less) than when a 0.05 M sodium
sulfate electrolyte solution was used. However, when this value is duplicated, i.e. when a
0.1M sodium sulfate electrolyte solution was used, the TOC removal decreases 3%. This
indicates that a high sodium sulphate concentration does not aid mineralization, despite of
the already reported disinfecting effect of sulphates [23]. The addition of sulphuric acid to

13



keep pH=3, promotes the generation of sulphate radicals and peroxodisulphate by the
following reactions [23],

S0;2 + OH - SO; + OH~™ (20)

2HSO; + OH - S,02™ + 2H,0 (21)

These species are reactive oxygen species (ROS), albeit their standard potential is lower
than O3, H,0, and OH’". Therefore, the excess of sulphate ions inhibits the action of OH
radical by reacting like scavengers of other mediators [23]. Considering this, it is very
important to establish an ideal concentration of supporting electrolyte to generate high
amounts of ROS with high standard potential and minimize reagent consumption. In this
case, it can be observed that the best concentration of electrolyte in terms of TOC removal
rate is 0.05M. Therefore, this concentration was used for the remained experiments and is
in concordance with previous investigations.
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Figure 4. Effect of electrolyte concentration [Na,SO,4] on normalized TOC, mineralization
efficiency percentage (%MCE) and energy consumption (EC). Reaction conditions:
[Phenol]o:100mg/L, pH=3, j=60 mA/cm?, Q,: 4.7 L/min, [TOC]o: 118 mg/L, V: 3.5L and
T: 23°C 2.

Figures 3 and 4 also show the effect of liquid flowrate and electrolyte concentration on the
percentage of mineralization efficiency and energy consumption. Regarding the former, the
results confirm that the best conditions to conduct the phenol mineralization are Q_ = 4.7
L/min, [Na,SO4]=0.05 M. Under these conditions, the usage of the consumed current is
85% at a treament time of 30 minutes and this can be mainly attributed to the produced
oxidant species. After this time, the mineralization efficiency significantly decreases and
this might be due to the increased concentration of the oxidation by-products. This will be
discussed in more detail in section 3.3.

In terms on energy consumption (EC), it can be observed in figure 3, that the EC is lower at
the lowest liquid flowrate. This was expected because of the higher mineralization observed
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at 4.7 L/min. In figure 4, it is observed that there is not an apreciable effect of electrolyte
concentration in the range of 0.05 M and 0.1 M on EC in the first 240 minutes.

3.3 Phenol oxidation: effect of pH

Figure 5 shows the effect of pH on normalized TOC. It can be observed that after 6 hours
of treatment the maximum attained TOC removal was 75% at pH=3 and 65% at pH =7.
None of these values are at stationary state though, meaning that the longer the treatment
the higher the attained TOC removal. It can be observed in figure 5 that, as expected, these
profiles depend on both, pH and time. At acidic conditions, two main stages are
distinguished. The first one lasts for about 30 minutes and only in this time about 35% of
the total TOC content is removed. In the following 5.5 h of treatment, however, TOC
removal dramatically slows down and only a further 40% is removed. In order to explain
this phenomenon, the phenol and oxidation by-products concentration profiles with time
were obtained and these are shown in figures 6 and 7a. It can be observed in figure 6, that
in the first 30 minutes, 25% of phenol was removed. During this time, however, the only
appreciable by-product is maleic acid at pH=3 (see figure 7 a). A longer treatment time
under acidic conditions leads to obtain aromatic compounds (catechol, hydroquinone,
benzoquinone) and acids (maleic, malonic, fumaric and oxalic). It can also be observed in
figure 7a, that all by-products but oxalic acid are further degraded at some point of the
treatment. Thus, it can be concluded that the first stage observed in the TOC removal
profile at pH=3 (figure 5) is due to the phenol degradation following the sequence maleic
acid (by cleavage of the aromatic ring by an electrophilic attack of molecular ozone),
fumaric and malonic acids and then their oxidation towards CO; and water. In this sense, it
has been reported [31] that double-bond acids readily react with ozone via Criege’s
mechanism. It is worth noticing that hydrogen peroxide has been reported [32] as one of the
products when the aromatic ring is destroyed to produce maleic fumaric acids by molecular
ozone attack. The electrophilic attack of ozone to the phenol molecule has also been
reported [31,32] to lead to hydroxylation products, i.e. catechol and hydroquinone, which
are further oxidized towards benzoquinone, oxalic acid and CO, and water. It can also be
observed in Figure 7a that oxalic acid accumulates, and, unlike the aromatics, it is not
further oxidized. This is something expected in an ozonation treatment since the
nucleophilic reaction of ozone with a carboxyl group is rather slow [31]. Thus, it can be
concluded that the slowing down of the TOC removal profile (after 30 min) can be ascribed
to the prevalence of direct oxidation by molecular ozone and the appearance of
hydroxylation products and compounds with carboxyl groups. This does not rule out the
oxidation by hydroxyl radicals and the other oxidant species though. Therefore, the
oxidation products at pH=3 shown in figure 7a, are the result of all the produced oxidant
species. The TOC removal percentage (35%) after 30 minutes of treatment (see figure 5) is
evidence of this.

According to figure 5, phenol is also mineralized at pH 7 albeit with a rather different
behavior than at pH 3. Unlike at pH 3, in this case the TOC profile exhibits three rate
stages, the first one lasts for 60 minutes and no mineralization at all is observed (-rroc=0).
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The second stage lasts for further 180 minutes and its removal rate is rather similar to the
second stage of TOC profile at pH=3. A third stage, with a clear higher removal rate, is
observed after 240 minutes. All this and the products distribution (figure 7b) suggest a
different oxidation mechanism prevailing at pH=7.

With the results shown in figure 6, the kinetic parameters for phenol oxidation were
estimated. At both pH, 3 and 7, the reaction was pseudo-first order and the specific rate
constants are of the same order of magnitude (k = 0.0187 min™ at pH=3 and k= 0.0119 min’
'at pH=7). This result was unexpected since pH has been reported (although not in an
electrochemical process) to positively affect phenol removal not only because of ozone
decomposition but because of phenol dissociation leading to the appearance of phenolates
[31]. In this case, despite the similarity in specific rate constants, the products distribution
at pH 7 (figure 7 b) show that the main accumulated compounds are hydroxylation products
that build up during the first 60 minutes. Phenol oxidation then might be occurring by
oxidant radicals attack rather than by molecular ozone. Also, it should be kept in mind that
in this system O3 is not being fed at anytime but in situ produced. This fact along with the
contact time, might be limiting the oxidants species concentration, mainly the hydroxyl
radicals concentration, which seems to be increasing with time and this is suggested, once
again by the products distribution, since after 120 and 180 minutes, the hydroxylation
products, i.e. hydroquinone, catechol and benzoguinone, readily decay. This decay is
related to the presence of more hydroxyl radicals evidenced by a decrease in H,0,
concentration (figure 8) and thus suggesting the prevailing phenol and by-products
oxidation mechanism at pH=7 is via an electro-peroxone process (reaction 1). Thus, at this
pH, O3 is mainly being used to react with H,O, and to produce hydroxyl radicals that are
able to oxidize carboxylic compounds, and this explains the less extent of accumulation of
oxalic acid compared to pH=3 (see figure 7). In neutral media, carboxylic acids remain in
deprotonated form and with this condition is easier to destroy this kind of molecules [11],
this is not applied to all cases and also has been reported that some molecules are easier to
be removed in acidic rather than in neutral media [33].

Regarding energy consumption, this is lower at pH 3 than at pH 7 (see figure 5) until 240
minutes. After this time the EC at pH=7 becomes lower than at pH=3. This can be ascribed
to the prevailing mechanism and the oxidation by-products. As aforementioned, the
products distribution and the identified oxidant species at pH=3, suggest that not only the
hydroxyl radicals are responsible for the oxidation but mainly the electrochemically
produced ozone. After 240 minutes, it is observed in figure 5 that the remaining oxidation
by-products are mainly carboxylic acids, which are rather reluctant to the attack of
molecular ozone and therefore the mineralization is diminished. This implies an increase on
EC. It is very likely, however, that at a longer treatment time, such carboxylic acids
eventually will be degraded by the hydroxyl radicals at the BDD surface and in the liquid
bulk, as observed at pH=7. The above explained also impacts the percentage of
mineralization efficiency plotted in figure 5. This parameter finds its maximum (85%) at
pH=3 after 30 minutes of treatment and is 28% at pH=7 after 360 minutes of treatment.
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118 mg/L and T= 23°C 2.

Figure 8 depicts the effect of pH on the concentration of O,/03/H,0, cumulative
concentration. Unlike the results obtained without phenol addition (figure 2), in this case
the production and accumulation of hydrogen peroxide with time is noticeable at both pH, 3
and 7. Also at pH 3, hydrogen peroxide concentration and accumulation rate are higher than
at pH 7. This can be ascribed to less consumption of this compound at pH 3 because its
dissociation is lower than at pH 7, and the oxidation mechanism is mainly via molecular
attack of Os. Besides, pH 2.8 — 3 has been reported as the best range to electro-generate this
oxidant [34,35]. With respect to pH 7, hydrogen peroxide concentration tends to diminish
after three hours of treatment. This can be ascribed to the e-peroxone process taking over
and leading to a higher H,O, consumption to produce hydroxyl radicals (reaction 1) and
this is reflected on the oxidation of aromatic compounds and carboxylic acids (figure 7b)
and on an increase on the TOC removal rate (figure 5). Thus, it can be concluded that this
technology allows to conduct the electro-peroxone process with the simultaneous electro-
generation of oxygen, ozone and hydrogen peroxide, at neutral pH. Figure 9 summarizes
the production of oxidant species and the plausible routes of oxidation.
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3.4 Biotoxicity study

Because the TOC removal was not 100% achieved in the assessed treatment time, it was
decided to evaluate the toxicity of the treated water under pH 7.

3.4.1 Comet assay

Figure 10 shows the DNA damage, which is statistically significant in both, the positive
control and the exposed to phenol group. In the case of the positive control, the increase is
from 45.8 to 51% and in the case of the group exposed to phenol the increase goes from
45.7 to 52.9% with respect to the control group (P<0.05). It can be observed, however, that
the DNA damage was significantly reduced in the treated phenol solution (EP) with respect
to the positive control and the exposed to phenol group. The observed increase of 11.2-16%
with respect to the control is not statistically significant (P>0.05). These results are in
concordance to those observations made through the epifluorescence microscope and
placed as insets in figure 10.
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3.4.2 Micronuclei test

The results of this test are shown in figure 11. There are in the positive control group and in
the exposed to phenol group, statistically significant increases with respect to the control
group. In the case of the positive control group, these increases are in the range of 853-
1277% and in the case of the exposed to phenol group they are in the range of 731-1233%
(P<0.05). In the case of the treated phenol solution, a micronuclei decrease was observed
with respect to the positive control group and to the exposed to phenol group. The increase
respect the control group is in the range of 7.7-20%, and this was concluded not being
statistically significant (P>0.05).
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In this work it was decided to use single-cell electrophoresis (comet assay) as a biomarker
of damage, which is a technique to assess genotoxic damage. This test detects DNA single-
strand breaks (strand breaks and incomplete excision repair sites), alkali-labile sites and
cross-linking, with the single-cell approach typical of cytogenetic assays [38]. In the test, it
was decided to use cyclophosphamide (this is a drug from the family of alkylating agents
used as an antineoplastic and immunosuppressant) as a positive control, because it has been
shown to be an agent that has high genotoxic effects, besides being carcinogenic in aquatic
organisms[37,38].

The model molecule used in this work was phenol, it is well known that this compound and
its derivatives induce toxic responses in various fish species, the alterations that have been
reported are genotoxicity, carcinogenesis, immunotoxicity, hematological damage and
physiological alterations[39-43]. The mechanism through which this compound induces its
toxic effects is through oxidative stress[44-48].

In addition, the micronuclei test was performed as a complimentary study. This biomarker
was selected because the micronuclei (MNi) are nuclear residues produced during mitosis
(or meiosis) when a fragment of a chromosome or a complete chromosome can not migrate
with one of the two daughter nuclei formed. MNi can occur at different times of the event
of DNA damage, depending on the kinetics of the cell cycle and the mechanism of
induction [49,50]. The results obtained in this study showed that phenol at the
concentration of 100 mg/L was able to induce in an important way the presence of
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micronuclei in erythrocytes. These findings agree with that reported by [51] who
demonstrated that phenol at different concentrations (0.7, 1.4 and 2.8 mg /L) is able to
induce the production of micronuclei in Oreochromis niloticus.

Once the samples were treated by electroperoxone process a substantial decrease in DNA
damage and MNi were observed, albeit the treatment was conducted at pH=7 and the
mineralization degree was not maximum.

4. Conclusions

The Downflow Bubble Column Electrochemical Reactor allows conducting the electro-
peroxone process with in situ production of hydrogen peroxide and ozone, without injecting
air/oxygen from an external source. This reactor is able to maintain the produced gas
(oxygen and/or ozone) dispersed as bubbles within the reaction system to maximize its
absorption and utilization and to eliminate its waste.

The main variables affecting the overall process efficiency, in terms of TOC removal rate
and/or extent, are liquid flowrate, electrolyte concentration and pH. TOC removal rate is
favored at an electrolyte concentration of 0.05 M, when liquid flowrate and pH decreased.
pH does exert a great effect on TOC removal rate, being higher at acidic pH. Phenolic
compounds, however, can be mineralized in this system at either pH 3 or 7 with similar
TOC removal extent, 75 with the former and 65 with the latter. In both cases, after 360
mins of treatment, the prevailing compounds are carboxylic acids in low concentrations.

Unlike TOC removal, phenol oxidation readily occurs at either pH, 3 or 7, and this variable
determines the mechanism by which phenol is mineralized. At acidic conditions molecular
ozonation attack prevails while at pH 7 the electro-peroxone process is presumed to be the
main responsible of phenol mineralization. In this sense, it can also be concluded that
electro-peroxone process of phenol favours hydroxylation products.

pH also affects H,O,, Ozand O, cumulative concentrations. At pH 7 H,O, consumption is
higher than at pH 3 and therefore its cumulative concentration at the end of treatment is
only 4 mg/L, while at pH 3 is 15 mg/L. The opposite effect was found for Ozand O,
although in less extent than for H,0,.

Although the mineralization degree is lower at pH 7 than at pH 3, conducting the electro-
peroxone treatment at this condition eliminates the biotoxicity of by-products of the
phenolic solution therefore water after treatment can be used for other applications.

The results at pH 7 suggest that this technology might also be applied to conduct selective
oxidations and not only for water remediation.
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