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ARTICLE INFO ABSTRACT
Keywords: This work focuses on the production, in continuous mode, of ozone using a new electrochemical cell, specially
Ozone designed and manufactured with 3-D printing to produce in a very efficient way high concentrations of this

Continuous production
3-D printing
Mechanical design

powerful oxidant. The gaseous ozone produced is tested in the degradation of a synthetic waste containing
methomyl. The new cell has been characterized in terms of flow distribution, mass transfer, and production of
ozone, being able to reach efficiencies as high as 9.5 g/kWh, which may be even competitive with those produced

Methomyl with the corona discharge technology. The prototype manufactured with an electrode area of 1.5 cm? can
produce a stream containing 30 mg/h of O3. This stream can be used to degrade methomyl. However, the direct
bubbling was not found to be very efficient and activation of ozone with the simultaneous irradiation of UV light
or the dosing of hydrogen peroxide was needed to improve performance, showing important synergism. The
efficient removal of methomyl from wastewater opens the window for the development of alternative technol-
ogies to direct anodic oxidation based on the production and dosing of gaseous oxidants such as ozone. The
operation of these new technologies does not depend on the salts contained in wastewater and prevents the
deterioration in the quality of the waste because it does not leave any residue after application in the treated
waste.

1. Introduction hence, it lacks hazardousness (Equation (1)) [6-8].

Gaseous oxidants produced electrochemically may have outstanding 3H,0 » O3+ 6H™ + 6 ¢ 2
properties for their use in environmental applications over traditional Although there are other more extended methods for its preparation,
electrochemical treatments [1-3]. They can be produced in situ and electrochemical technology has arisen as a good alternative in the last
dosed directly to the polluted site, where they can reach more easily years [5] to the widely evaluated and applied corona discharge [9].
quiet zones in soils, because of the easier transport of gases through Thus, ozone is produced electrochemically by the oxidation of water
tortuous paths, or be more effective in liquids, as their dosing also at- throughout Equation (2), although at acidic conditions it may also come
tains better mixing conditions. from the oxidation of oxygen (Equation (3)).

03 +2H" +2¢ = 0y + H0 €y Hy0 4+ 0y » O3 + 2H' + 2 ¢” 3)

Although chlorine dioxide is emerging as a very promising alterna- 2H,0 = O, + 4H' + 4 e 4
tive [4], nowadays ozone is, perhaps, the most interesting gaseous
oxidant that can be produced electrochemically [5]. It is a powerful Both reactions compete with the formation of oxygen (Equation (4))
oxidant with a wide range of applications in environmental remediation making necessary the application of large overpotentials to promote the
that has a primary advantage: its reduction product is oxygen and, production of ozone. Thus, the standard reduction potential required for

Reaction 4 is Eo = +1.23 V, while to produce ozone from water it raises
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up to Eo = +1.51 V [10].

Furthermore, it is possible to obtain higher ozone productions
operating at higher pressures. Rodriguez-Pena et al. (2022) [11]
demonstrated that the CabECO® cell (2.0 A) at 2 Bar gauge pressure
reached the mark of 140 mg of ozone in discontinuous mode for 8 h. The
same effect of increasing pressure on hydrogen peroxide generation is
reported by Scialdone et al. (2015) [12] and Pérez et al. (2017) [13].
They obtained higher concentrations of HoO5 with the application of
moderate (1-11 bar) [12] and high (30 bar) pressures [13]. However,
with increasing pressure to produce more ozone, the amount of dis-
solved oxygen and the solubilization of the oxidant produced increases
and the degradation pathways of organics become directly controlled by
molecular ozone, decreasing the action of radical species [11].

There are two keys to reach an efficient electrochemical production:
the selection of an efficient electrode and, the choice of an efficient
electrochemical cell. In this context, diamond electrodes and PEM
electrolyzers have been proposed as the most suitable alternative [5,11,
14-17]. Electrodes consisting of diamond coatings have a large elec-
trochemical window and promote the formation of hydroxyl radicals
that cannot interact with the surface of the electrode, being available for
reactions in the electrolyte in their extremely short lifetime [18]. One of
the reactions that it is promoted is the formation of ozone [19]. On the
other hand, in PEM electrolyzers, the electrolyte is not only the solution
that it is flowing through the electrochemical cell but, more importantly,
a proton exchange membrane that interacts directly (as membrane
electrode assembly or MEA) with both electrodes allowing to balance
the electric circuit of the cell with the protons that flow into the ionic
circuit [20]. This fact shows two great advantages. The first is that cell
voltage of the cell does not depend on the aqueous solution flow and
ozone can be produced even with distilled water. The second, and more
important, is that using a PEM electrolyzer prevents, or at least mini-
mizes, the scavenging effect of salts contained in the liquid flowing
within the cell. Production of other oxidants on the surface of the anode,
such as peroxosulfate [21,22], peroxophosphates [23], peroxocar-
bonates [24], chlorine [25], etc., or hydrogen peroxide on the surface of
the cathode [26,27], which results in a loss of efficiency of the electro-
chemical production of ozone, because these oxidants interact nega-
tively with ozone promoting the formation of other non-stable oxidants
such as sulfate, phosphate, chloride, carbonate, or hydroxyl radicals.
However, although this effect is used in many environmental treatments
because it enhances the degradation of organics (e.g. peroxone process)
[6,19], it acts against good production [16].

Recently, 3-D printing has opened the possibility of developing
tailored cells, a fact that has extreme importance in electrochemical
technology, where efficiency and performance are very seriously
affected by the mechanical design of the cell [28,29]. Thus, recently the
design of cells with larger turbulence conditions and an easier evacua-
tion of gases has demonstrated rather good enhancements in the per-
formance of membrane-electrode assemblies, which is a very interesting
point, which, in turn, is worth studying [14].

In this context, the goal pursued in this work is the development of a
new concept of electrochemical cell in which ozone production is pro-
moted. In addition, it is also aimed to test the ozone gaseous stream
produced in the degradation of diluted solutions of methomyl, a
carbamate insecticide used in this work as a model pollutant. 3-D design
and printing will be used to manufacture a novel peripherical feeding
electrochemical cell with enhanced performance, first used in this
application.

2. Materials and methods
2.1. Chemicals
All solutions in this work were prepared with deionized water

(Millipore Mili-Q system, resistivity 18.2 MQ cm at 25 °C). Methomyl
pestanal was purchased in Sigma Aldrich (Brazil) for calibration
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purposes. BrilhanteBR® (215 g/L of methomyl, Ourofino, Brazil) was
employed as a commercial target compound for degradation in water
solutions. For the determination of total oxidants potassium iodide
99,9% (Sigma-Aldrich) and sodium thiosulfate 0.5 N (Panreac) were
used.

2.2. Experimental setup and procedure

The generation of ozone was carried out using a novelty proton-
exchange membrane electrochemical cell (PEM) designed specifically
for this work, which is inserted in a MEA with a Nafion® membrane and
two lattice boron-doped diamonds (BDD) as electrodes. The cell was
manufactured by 3-D printing, using a 3-D printer based on photo-
polymerization mechanism (ELEGOO MARS 2 PRO) using an acrylate
polymeric resin (ELEGOO, Translucent ABS-Like Photopolymer Resin)
was used to manufacture the electrochemical cell. After that, the pieces
were cured in a Form Cure (Formalabs) at 70 °C for 1 h.

Fig. 1 shows a scheme of the electrochemical cell and the experi-
mental set up. As can be seen, the electrochemical cell has been designed
with two different compartments separated by the membrane. The
compartments were designed to produce a centrifugal flow of the liquid
phase and improve the gas relief in the cell. Two different tanks were
used to accumulate the catholyte and anolyte, in this case, Milli-Q water
(without the addition of any salt). The electrodes were connected to a
power supply using a platinum thread. The gaseous ozone produced was
extracted from the anodic tank and injected into the methomyl solution
for the abatement of this compound.

2.3. Analytical techniques

The gaseous ozone produced was measured by the iodometric titra-
tion method. The gaseous oxidant was bubbled up in a KI solution
(added in excess). After that, the sample was potentiometric titrated in
acidic media with thiosulfate (0.001 N) using titration equipment (702
SM Titrino by Metrohm).

Methomyl concentration was analyzed by means of High-
Performance Liquid Chromatography (HPLC) using an Agilent 1200
series coupled with a DAD detector at 223 nm and an analytical HPLC-
DAD Zorbax Eclipse Plus C18 column (Agilent 1260 Infinity). The mo-
bile phase was a mixture of formic acid (0.1%) and acetonitrile (80/20,
v/v) at a flow rate of 0.3 cm®/min".

The energetic efficiency of ozone ¢03(mg/Wh) was calculated by
Equation (5), where mOs. represents the ozone production in mg/h and
W is the applied power (W), estimated from the applied current iy, (A)
and the observed average voltage T (V), according to Ref. [11].
€05 (mg | Wh) =""" ®)

w

The efficiency of Oz in terms of mg/A.min was estimated by Equation

(6), where mO;3. represents the ozone production in mg/min.

O
O; Efficiency (mg / A.min) = m e 6)

Lapp

The coulombic efficiency was estimated by the Equation (7), where
mOs is the measured ozone production in mol/s and mO; theoretical is
the theoretical prodution of ozone which, in turn, is related to the cur-
rent applied (I), the electrons involved in the reaction (n) and the
Faraday constant (F):
mQO;3 mQO;3

7 ()

nF

Coulombic Efficiency (%) = mO theoretical =

3. Results and discussion

Continuous electrochemical production of ozone. Despite there are
commercial electrochemical cells ready for ozone production with good
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Fig. 1. Electrochemical cell design and a scheme of the experimental set up.

performance, for the specific application looked for in this work we
considered the conceptualization, designing, and manufacturing with a
3D printer of a special cell, the so-called E3L ozone concept cell, for the
efficient production of a gaseous stream of ozone, ready to be used in
environmental applications. Target specifications required for the
concept cell were two compartments to minimize the negative effects of
scavengers on the production of ozone, a very effective flow distribution
in the anodic chamber including a good separation of the gases formed,
avoiding the accumulation of gases and the formation of dead volumes
in the interelectrode volume, and operation at mild cell voltages.
Because of the previous experience using different types of cells [5,10,
11,14,15,17,30], PEM electrolyzers were fixed as a starting point. A
special resin was used to prevent damage from ozone attack. The cell
was sized for a flow rate of 14.4 L/h, electrode surface of 1.5 cm?, and
operation current intensity of 0.3 A, with a view to facilitate the staking
to increase production capacity. During cell conceptualization, different
prototypes were evaluated using CFD modelling and the best results
from the viewpoint of an optimized flow distribution were the key to
selecting the definitive concept prototype. In fact, centrifugal flow pat-
terns were found to be of the greatest interest, and different models were
simulated. Fig. 2 shows, with the concept of centrifugal flow outlet, the
flow lines in one prototype with a central inlet and another with a
peripherical inlet, which were found from the very beginning to be the
more suitable approaches for this cell.

mm/s
150

100

Concept 1

Concept 2

Fig. 2. CFD simulation of the designed concept for the electrochemical cell.
Linear velocity vector of the flow is represented in mm/s.

The flow rate fed to the cell is of extreme importance to reach a good
performance. These cells produced a gaseous outlet flow, but the liquid
electrolyte is continuously recirculated between a storage tank and the
cell, and it has the purpose of dragging gases produced and keeping the
MEA wet while acting as a secondary electrolyte (in addition to the



L.M. da Silva et al.

membrane contained in the MEA). Considering that, the E3L ozone
production concept cell was designed for an electrolyte flowrate recir-
culation capacity as low as 14.4 L/h. Figs. 2 and 3 show the flow velocity
profiles calculated by CFD simulation and also include a graph indi-
cating the percentage of the electrode surface area in which the flow
velocity is below 20 mm/s. As seen, the central feeding allows a more
suitable flow distribution, and for the nominal flow rate less than 2% of
the surface has a surface flow velocity below 20 mm/s. This value in-
creases six times when using the peripherical feeding. However, the
direct impact of the flow against the MEA was considered as a weak
point because it may affect the service lifetime of this assembly (see
Fig. 4).

Fig. 5 shows the DTR curves of the two types of compartments pre-
viously described and the fitting parameters to a model that provides the
Peclet and the average hydraulic retention time. A good fit was
observed, with extremely low Peclet numbers (<0.3), indicating a large
distribution in both electrochemical compartments. Moreover, mean
residence times are in the range of 3-12 s, which is similar in both
concepts. The Figure also includes the mass transfer coefficients calcu-
lated by the ferro-ferricyanide technique, which result in values
extremely high as compared to those obtained by other electrochemical
cells studied in the literature [31,32].

With these inputs, the cell integrated is used for the anodic
compartment the central feeding, and for the cathodic the peripherical,
trying to minimize the damages in the MEA produced by the impact of
the two opposite flows and take advantage of the compartment where
ozone is produced of the more efficient central feeding. Thus, the effect
of current intensity, temperature, and ozone production were evaluated,
these parameters are known to be the most important inputs according
to previous studies.

The influence of current density is shown in Fig. 6, where it can be
observed that although the higher productions are obtained at the
highest current density tested of 200 mA/cm?, the most efficient con-
ditions involve the operation at 150 mA/cm?, where the coulombic ef-
ficiency reach values as high as 50% and the energy efficiency almost
reached 10 mg O3/Wh, values that are over those reported in the liter-
ature [11,14], demonstrated in Table 1. Table 1 shows the comparison in
terms of energy consumption (power) and energy efficiency when
compared to other similar works. Under these conditions, the E3L cell
was able to produce 30 mg/h with an electrode as tiny as 1.5 cm ™2,

Another similar work found, using an ozone generator with PEM
membrane and lead dioxide nanowires [33], using a 3 x 3 cm? elec-
trode, operating with a current density of 1.5 A cm ™2 was able to achieve
a constant potential differential of 3.45 V and current efficiency of only
20% during 30 days of operation. In this work, it was achieved almost
50% of coulombic efficiency using an electrode with working area of 1.5
cm? and applying 150 mA/cm? at 25 °C.

5.7L-h!

: 1 T T T ]
i Q/L/

(1) Velocity Magnitude - mm/s

Results in Engineering 20 (2023) 101436

The influence of temperature is shown in Fig. 7, where three tests
were carried out at the same current density of 150 mA/cm?. Temper-
ature has a slight positive effect with coulombic efficiencies that reached
values as high as 50% and energy efficiencies over 8 mg O3/Wh. The
highest production of ozone is reached using the highest temperature
due to an increase in temperature favoring the desorption of ozone from
the water and, consequently, its extraction from the system in the
gaseous phase.

Using electrochemically produced ozone for degradation of
methomyl. To verify the suitability of using indirect electrolysis for
environmental applications, the gaseous flow of ozone was bubbled into
a solution containing methomyl. Trying to promote the action of ozone
the combination with hydrogen peroxide and UV was also tested. As
seen in Figs. 8 and 9, ozone is not very efficient itself for the degradation
of methomy! or in the degradation of the other species contained in the
commercial product. The same applies to hydrogen peroxide, which
suggests the refractory character of methomyl and that chemical
oxidation of the organic is not promoted. However, when combined with
hydrogen peroxide in the same concentration of ozone or, especially
with a UV light with a power of 1 W (which has an outstanding per-
formance) it results in a very synergistic effect. Both activators promote
the formation of radicals from ozone, and it may be explained by the
improvement in the performance with radical oxidation mechanisms as
previously demonstrated by Chang et al., 2015 [34]. They demonstrate
that the combination of UV-C radiation with the produced ozone, in-
duces the decomposition of Oz to form hydroxyl (OH") radical,
enhancing the oxidizing ability of the solution. Also, the HyO; can be
decomposed to form OH® radicals via ozonation. The mechanisms of
UV-Ozone and Hy0,-Ozone in an aqueous solution can be depicted
below, extracted from Refs. [34,35]:

05+ H,0 %0, + H,0,

05+ H,0 0, + 20H°
The hydrogen peroxide decomposition by ozone:

H,0, < HO; + H"
HO; + 05— HO, + 05

07 +H" - HO,— OH' + 0,

All processes, bare ozone or ozone activated by UV or hydrogen
peroxide, do not leave in the solution any waste after the application
because ozone is transformed into oxygen and no other reagents need to
be dosed. In addition, there is no need to add salts to the waste treated,
like in direct anodic oxidation processes, in which salts are added to
decrease cell voltage and promote the production of oxidants. In this

14.4 L-h!

100 ~

% Quiet zone
°

Fig. 3. a) CFD simulation of the designed concept 1 at different flows (3.0 L/h; 5.7 L/h; 7.4 L/h and 14.4 L/h) where the linear velocity vector is represented (mm/s)
and b) percentage of dead zones (zones with a flow velocity lower than 20 mm/s) on the electrode surface.
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Fig. 4. a) CFD simulation of the designed concept 2 at different flows (3.0 L/h; 5.7 L/h; 7.4 L/h and 14.4 L/h) where the linear velocity vector is represented (mm/s)
and b) percentage of dead zones (zones with a flow velocity lower than 20 mm/s) on the electrode surface.
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Fig. 5. DTR curves of a) designed concept 1 at different flows (circles: 5.7 L/h; squares: 7.4 L/h; triangles: 14.4 L/h) and b) designed concept 2 at different flows
(circles: 3.0 L/h; squares: 7.4 L/h; triangles: 14.4 L/h). ¢) Mean residence time (circles) and Péclet number (squares) of designed concept 1 (black) and designed
concept 2 (white) compartments. d) Mass transfer coefficients at different flowrates using the central feeding as an anodic compartment and the peripherical for the
cathodic compartment.
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triangles: 150 mA/cm?; crosses: 200 mA/cm?) using a temperature of 15 °C, O, flow of 20 mL/h, mQ water as a solution.
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Table 1

Comparison of coulombic efficiency and power consumption of the new cell

with literature.

Cell j/mA/crn2 Power/W O3 Efficiency/mg/(A-min) Reference
CabECO 83.3 12 0.085 [12]
Condiapure 68.5 80 0.013 [12]

PEM cell 330 313.17 0.335 [8]

E3L 50 0.77 1.190 This work
E3L 100 1.83 1.162 This work
E3L 150 2.92 2.393 This work
E3L 200 4.74 1.783 This work

case, the gaseous ozone is produced in a system separated from the
degradation tank where the gaseous ozone is being dosed to treat the
methomyl solution. This means that the process is cleaner and, there-
fore, more sustainable for the environment, confirming the good pros-
pects of the gaseous oxidants mediated electrochemical technology
(GOMET) using ozone for the remediation of wastes and encouraging

research in this topic.

4. Conclusions

From this work, the following conclusions can be drawn.

60 1
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40 A
30 1/o
20 1

Ozone accumulated / mg

10 A

Coulombic efficiency / %

00
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Ozone can be produced efficiently by using PEM electrolyzer
technology.

A concept cell (so-called E3L ozone production concept cell) has been
conceptualized, designed, and manufactured using 3-D printing for
ozone gas production. This cell reaches outstanding performances
and can produce (with an electrode surface area of 1.5 cmz) close to
30 mg/h of ozone. This means a coulombic efficiency of around 50%
and an energy efficiency of 9.5 mg O3/Wh, among the highest ever
reported.

Ozone produced electrochemically can be used to degrade methomyl
contained in synthetic wastes. However, this process has low effi-
ciency and the ozone produced needs to be activated (transformed
into radicals) by another oxidant, such as hydrogen peroxide or UV
light, to obtain greater efficiency in methomyl removal. This dem-
onstrates the feasibility and good prospects of gaseous oxidants
mediated electrochemical technologies (GOMET) for wastewater
remediation.
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