Understanding ozone generation in electrochemical cells at mild pHs
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Abstract

In this work, the production of ozone at mild pH conditions using a commercial
electrochemical PEM cell CONDIAPURE ® is evaluated, at once a phenomenological
model is proposed to understand the basis of the processes that occur inside the cell. At
these pH conditions, the production of ozone can be explained from the oxidation of
water, while the decomposition of ozone is found to be extremely important to explain
the global experimental behavior observed. Not only is this decomposition a chemical but
also an electrochemically assisted process which, in turn, can be related to the production
of other oxidants in the cell which interact with ozone behaving as predators. The model
formulated explains and satisfactorily reproduces the influence of the operation mode, the
current intensity applied and presence and destruction of organics, with regression
coefficients (r?) ranging from 0.88 to 0.99, helping to understand how the production of

ozone should be promoted during electrochemical processes.
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Highlights

e Ozone generation can be attained with PEM electrolyzers operating at mild pHs.
e Ozone production at mild pHs can be explained from the oxidation of water.

e Ozone is destroyed by interaction with predator species produced

electrochemically.
e Degradation of clopyralid is attained by a cocktail of oxidants, including ozone.

e Good fitting of experimental observations to a simple phenomenological model.
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1. Introduction
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Ozone is a powerful oxidant with many applications in water and wastewater treatment,
because this oxidant can rapidly and efficiently remove a large variety of organic
pollutants and pathogens, showing a key advantage as compared with other oxidation
processes: there is no direct harmful by-product formation associated to ozone action.
Thus, ozone decomposes into oxygen [1,2] during the treatments, in contrast with other
highly oxidizing compounds such as chlorine [3,4], which lead to the formation of

hazardous organochlorinated species.

Ozone can be generated by means of different technologies such as corona discharge,
UV-light absorption, or electrical discharge ozone generators. However, these methods
are known to have many disadvantages, such as the very high voltages required, the need
of high-quality oxygen or air, and the extreme importance of the transfer of gaseous ozone
to the water or wastewater in treatment, which lead to high operational costs. In addition,
despite the generation of ozone is extremely energy intensive, around 90% of the power
supplied to the generator dissipates, wasted in the production of light, sound and primarily
heat, rather than being used in the production of ozone, [5-7]. In this context, the ozone
electrogeneration is an attractive alternative that overcomes many of the difficulties of
typical methods for generating ozone, because it allows working with lower voltages,
generating the ozone directly in the liquid phase and, in addition, it does not need to feed
pure oxygen or high-quality air to produce high concentrations of ozone with high energy
yield [7,9-12]. Furthermore, ozone is generated from water and directly into water,
preventing mass transfer problems and improving mineralization efficiency in wastewater

treatment [13,14].

The production of ozone in electrochemical cells has been reported in many previous
works over recent decades [11,15,16], though not much attention has been paid to the
potential applications in wastewater treatment, and further work has been recommended

as necessary to improve the potential applicability of the technology [17]. With the



development of PEM electrolyzers [18] equipped with boron doped diamond anodes,
there are new opportunities to improve ozone production and thereby, the environmental
applicability of this novel technology [19-22]. These electrolyzers can even operate with
very low conductivity water, because the ionic circuit between the anode and the cathode
is not the treated water (or wastewater) but the polymer exchange membrane that connects

both electrodes in the so-called membrane-electrode assembly (MEA).

One important point is that the concentration of ozone in the liquid phase seems to be
limited by the solubility or the decomposition of this gas during the electrolytic process
which, in turn, can be related to different operational conditions such as temperature and
pH [23-25]. This has been a severe limitation for the development of the technology, in
this sense, understanding the different phenomena involved in the generation of this
oxidant, with a view to optimizing the performance of electro-ozonizers, is of the utmost

importance.

In this work, the electrogeneration, stability and application of ozone is studied through
a simple phenomenological model that explains the generation of ozone at mild pHs by
oxidation of water in a PEM electrolyzer and describes the behavior under different

operating conditions including those of the treatment of an organic pollutant.

2. Materials and Methods

-1
Chemicals. Double de-ionized water (Millipore Milli-Q system, resistivity:18.2u€ cm

at 25 C) was used to prepare water solutions. Sodium sulfate (Na,SO,4) was used as salt



for the electrolyte. Methanol and formic acid (HPLC grade) were used to prepare the

mobile phase in HPCL analysis (Sigma-Aldrich, Spain).

PEM electrolyzer and setup. The experiments were carried out in a CONDIAPURE®
cell (supplied by Condias GMbH, Germany). This electrolyzer is equipped with two
diamond electrodes and a proton exchange Nafion membrane. The surface of the diamond
electrodes is 146 cm? The electrolyzer is connected to reservoir tanks with a
micropump GB-P25 J F5 S A head coupled to a DB 380 A 24 V engine (with speed
control 0-5V DC) supplied by TechmaGPM s.l.r. (Milan, Italy). A picture of the
experimental setups, with indication of the components, is shown in Figure 1. A Delta

Elektronika ES030-10 power supply (Delta Elektronika, Netherlands) powered the cell.

Analytical techniques. The concentration of dissolved ozone was measured by the N,N-
diethyl-p-phenylenediamine (DPD) colorimetric method, using Spectroquant Merck test
kits (Hach, Model: DR2000). Clopyralid concentration was monitored by High
Performance Liquid Chromatography (HPLC) and Total Organic Carbon (TOC) using a
Multi N/C 3100 Analytik Jena TOC analyzer. More details of these analytical techniques

are offered elsewhere [26].

Experimental procedure. The tests were carried out in continuous and batch mode using
asolution of 1 g L of NazSOa. In continuous mode, the solution flows from the reservoir
tank to the cell and it is collected into a different tank. The flows studied in continuous
mode were 0.5, 1.0, 1.5, 3.0, 4.0, 7.0, 10.0, 15.0, 18.0, 24.0 and 30.0 L min and the
applied current was 10 A for all the cases. In discontinuous operation mode, the solution
is recirculated through the reservoir tank and the PEM cell at a constant flow of 3 L min-
Land applying 10, 8 and 7 A. In the organic pollutant oxidation tests, the solution was

prepared with 100 mg L* of clopyralid.



Figure 1. Experimental setup for the discontinuous mode: 1) reactor; 2) tank; 3) heat

exchanger; 4) micropump; 5) sampling point; 6) power supply.



Results and discussion

General behavior in the production of ozone. Figure 2 shows the concentration and
amount of ozone produced during the electrolysis of a solution of sodium sulfate when a
current intensity of 10 A is applied in continuous (part a) and discontinuous (part b)
operation mode (current density 86.2 mA cm). A very important observation is that in
continuous mode the concentration increases up to a plateau; while in discontinuous

mode, it increases rapidly up to a maximum value, from which it decreases.

Usually, during the production of other oxidants with electrolyzers, the trend observed in
discontinuous processes is very different [27-29], sharing the same initial stage with a
very rapid increase in the concentration of the oxidant formed, followed by a plateau,
which corresponds to a stage at which the rates of production and destruction of oxidants
are balanced. This means that for an efficient full-scale production of ozone in this case,
it would be required to remove rapidly the oxidant produced, since otherwise it will be

destroyed above this concentration.
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Figure 2. Ozone electrogeneration in continuous (part a) and discontinuous (part b)
operation mode. m Amount (mg h't); o Concentration (mg L) (conditions: continuous

mode flow 3 L min, pH 6.8, 10A).



Such destruction can be easily prevented in continuous processes, since the electrolyte is
not recycled again into the cell, but it simply leaves the cell with the oxidant formed and

hence, there is no way to electrochemically destroy the oxidant produced.

In this continuous mode of operation, the concentration of ozone does not increase with
the flow rate, it is maintained in spite of the higher mass transfer coefficient associated to
the higher flow rate that is expected to be reached. Moreover, the production of ozone
leaving the cell (in amount, not in concentration) increases over time, owing to the higher
flow rate that drags the ozone produced, as it is also displayed in Figure 3. This means
that in order to obtain a higher amount of ozone, a continuous process should be used and
the flow rate passing through the cell should be over a minimum value. Figure 3 shows

the influence of the flow rate on the concentration of ozone produced in continuous mode.
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Figure 3. Influence of the flow rate on the amount (part a) and concentration (b) of
ozone electrogenerated in continuous mode (pH 6.8, 10A). (e, m) Experimental results;

(o, o) model results.

Note that for low flow rates the amount of ozone contained in the stream that leaves the
cell increases with the flow rate, up to reaching the maximum capacity of production of
ozone in the cell. For the operating conditions and electrolyte used in this work, this
maximum production is attained with flow rates over 15 L min and it is around 200 mg
h-l. To understand this behavior, it is necessary to bear in mind that the specific charge

applied to the system is lower for increasing flow rate values. Consequently, this result



supports the key role of ozone destruction reactions and the existence of an optimal value
of charge applied, from which parasitic reactions contribute to lower the concentration of

ozone at the outlet of the cell.

Formulation of a model for the electrogeneration of ozone at mild pH conditions. To
understand the experimental observations, as a first strategy to maximize the production
of ozone, a phenomenological model is proposed. At mild pH conditions, the production
of ozone from water follows the global reaction described in process pi1, where the
oxidation of water to produce ozone must compete with the easier production of oxygen

(process p2) and with other direct anodic oxidation processes that will be described later.
3H,0 = 05 + 6H* + 6e™ (p1)
2H,0 = 0, + 4H* + 4e™ (p2)

In a simplified way, both processes can be represented by a zero-order Kinetic, according
to equations (1) and (2), in which yield indicates the proportion of electric current that is
used for producing ozone (na1) Or oxygen (na2), respectively. Because of its lower
oxidation potential (E° of 1.23 vs 1.51V for oxygen and ozone formation, respectively),
the formation of oxygen would be promoted over the formation of ozone and initially,

higher current densities are expected to promote a change in this ratio.
1
= nl_FTIa1 1)
1
= nz_FTIaz (2)

Where r; is production rate; | is current intensity (A); n, the number of electron
transferred; F, Faraday’s constant (96 487 C mol?); and, n,; is the anodic efficiency of

the process.



Regarding the decomposition of ozone, a more detailed representation is required. Ozone
is known to decompose chemically to oxygen (process ps). In this context, the chemical
and electrochemical decomposition of any oxidant, including ozone, usually fits well to
a first-order Kkinetic with respect to the concentration of the oxidant contained in the

electrolyte (Eq. 3).
03 - 3/2 02 (p3)
r3 = —k3[S1] (3)

Where r; is production rate; ki is the constant rate of the process (s1); and, [S;] is product

concentration (mg L)

However, this simple model cannot fit well to what is observed in the experimental tests
shown in this paper and should be complemented with other different processes, because
its simulation leads to a stabilization in the concentration of ozone when an equilibrium
concentration between the formation and destruction of this compound is reached. In fact,
the only way to represent the experimental decrease observed in the concentration of
ozone in discontinuous essays is by considering the formation of new species that behave
as predators of ozone. Initially, they may correspond to many types of oxidants such as
hydrogen peroxide or peroxosulfates, which interact with ozone following oxidant-
depleting mechanisms that are well defined in the existing literature. The action of these
species seems to be even more important in the understanding of the production of ozone
than in the formation of other oxidants. Thus, the decomposition of ozone by persulfates
and hydrogen peroxide with the initial formation of radicals and the final formation of
oxygen has been reported by a number of authors [17,30-33], and it is known to develop

process equations such as ps-1 and pa-2.

O3+ H202 - 202+ H20 (pI‘OCGSS p4-1)



03+ S02~ — 20,+ SOZ™ (process pa-2)

Initially, most of these oxidants involved in the decomposition of ozone share the -O-O-
group and will be denoted in this work simply as peroxo species (named in the
mathematical model as S3), because a full characterization will be pointless as they are
known to react fast with ozone once formed and hence, they cannot be properly
determined from an analytical perspective. It is important to state that to the best of the
authors’ knowledge, the decrease observed in the production of ozone is not noticed in
previous studies, which focused on the production of peroxosalts [27—29,34,35], ferrates
[36], total chlorinated oxoanions [37,38] or any other oxidant, and it indicates that ozone
electrogeneration is a much more complex process. The kinetics of this process should
depend on the concentration of this predator species and also on the concentration of
ozone, and can be represented by Eqg. 4, following a first-order kinetic as regards both

reagents.

7y = —k4[S511[S5] (4)

One of the Ss3 species can be hydrogen peroxide. The formation of hydrogen peroxide is
known to occur mostly on the cathode (process ps) by reduction of oxygen and competes
with the reduction of water (process pe). For both processes, a zero-order kinetic model,
as shown in egs. 5 and 6, can be proposed, where r; is production rate, | is current intensity
(A), n is the number of electron transferred, F is Faraday’s constant (96 487 C mol),
while nciand ne2 indicate the fraction of the cathodic current used in each of these

processes.
02 + 2H+ + 28_ - H202 (pS)

2H20 + 26_ - H2+ ZOH_ (p6)

1
s = ns_pncl (5)



I
Te = n6_FnC2 (6)

Conversely, the formation of peroxo species on the anode (either hydrogen peroxide,
peroxodisulfate, peroxodicarbonates, etc.) competes with the oxidation of water to ozone,
and it can also be modeled with the same type of kinetic equations (Eq. 7) in which the
ratio of the current used in this process is named na3. In the experiments carried out in
this work, the electrolyte only contained sulfates, which can lead to the formation of
monoperoxosulfate or diperoxosulfate. Process p7 correspond of this reaction. In any case,
regardless of the exact species formed, in the model proposed all oxidants are accounted
for into model species Ss, because as stated before, further details are expected to be
negligible, considering their rapid interaction with ozone and so their rapid disappearance

from the system.

H,0+ S02~ — 2H* 4 2e™+ S02~(py)

1
Tos = n_Fna3 (7

In addition, ozone can interact with oxidizable species contained in water (e.g., pollutants
such as the clopyralid used in this work), as shown in process ps, and the kinetic model
to represent this consumption should fit to Eg. 8. As in the case of predators, in order to
simplify and focus only on ozone, in this first approach we are considering all organics
and reaction intermediates included into a single model species called Sa4. The Kinetic

model proposed is also of first order regarding both model species.
05+ Organic — nCO,+ mH,0 + 0, + -+ (ps)
rg = —kg[S11[S4] (8)

Furthermore, organics can be oxidized by the predator oxidant (process pg) or can be

anodically oxidized on the electrode surface (process p1o) competing with water oxidation



to oxygen and ozone and with the anodic formation of predators -O-O-; it is possible to
model these processes with a first-order kinetic respect to each reagent in the first case,
whereas with a zero-order kinetic modified with a current distribution ratio 1as, in the

second.
SO2™+ Organic — nCO,+mH,0 + 0, + -+ (po)
Organics —ze~ — nCO,+mH,0 + -+ (p10)
T = —ko[S3][S4] (9)
g = inm. (10)

Obviously, the total sum of current distribution should be 1, both in the anode and in the

cathode, as shown in egs. 11 and 12.
Na1 + MNaz + MNaz + Naa = 1 (11)

Nep Mz =1 (12)

All these equations allow having a very simple phenomenological model, graphically

shown in Figure 4, and summarized in Table 1 with a Pearson’s matrix.
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Figure 4. Graphical sketch of the model formulation.

Table 1. Pearson’s matrix showing the Kinetic and stoichiometry of the processes modeled

s s 5s s s s S
Process/species 01 02 Predator or aAnics H5 H GO predator Kinetics
3 2 (-0-0-) g 2 2 precursor
P,: Electrochemical “ 1 1
production of ozone or a1
P,: Electrochemical 1
production of ozone +1 -1 ﬁrlaz
oxygen
P;: Decomposition of 1 + k3[S4]
ozone
P,: Decomposition of
ozone with peroxo -1 +1 -1
specios CARAIEN
Ps: Cathodic formation of 1
. -1 +1 —1
predator species 2F et
Pe: Reduction of water to 1 1 I
hydrogen oF Nez
P;: Anodic production of 1
: +1 -1 -1 —7
predator species 2F a3
Pg: Oxidation of organics
by ozone -1 -1 ka [51] [54]
Po: oxidation of organics
by predator 1 1 ko[ S51(54]
P,0: Direct I
electrochemical oxidation -1 —Nga
of organics zF




The application of this model in a continuous setup results in Equation 12 (one for each
species j), while in a discontinuous setup, in Equation 13 (also one for each species j).
Where [Sj] is the concentration of the species j; uij is the stoichiometric coefficient of

species j in reaction i as shown in Pearson’s matrix; I is the reaction rate of process i; V

is the electrolyte volume; and, q is flow rate.

a[s;] _

VT CI([S]]O - [S]]l) + 2?=1Hi’j7”i (12)

ars;l
V—-r= b=y i j7; (13)

In order to validate the model, it will be used in the reproduction of experimental data in

the following sections, and so the assumptions on which it is based will be verified.

Influence of operation mode. Figure 5 compares experimental and simulated results for
the production of ozone in continuous and discontinuous modes. Also, empty points in
Figure 3 correspond to the simulation of steady state concentrations reached in the
experimental system using the same parameters as in Figure 5 for continuous operation.
Values of fitting parameters used for these simulations are shown in Table 2 (two first
rows). As seen, the rather good agreement between the experimental and simulated results
helps to validate the hypothesis proposed. In discontinuous operation, the model explains
that the production of ozone reaches a maximum and then it decreases, relating this
change to two facts, ozone decomposition by saturation of ozone dissolved in water and
formation and interaction of predator species with ozone. Thus, to achieve better ozone
stability, it is necessary to prevent both phenomena by means of controlling different
operational parameters. Regarding model parameters, it is important to see that for all the
parameters related to chemical processes, the same value can be used for a good fitting.
As for electrochemical parameters, the higher value required for

n (production of hydrogen peroxide) can be explained in terms of the higher



concentrations of oxygen reached in discontinuous operation mode (which is the cathodic
precursor of hydrogen peroxide), owing to the accumulation of this species by the
recycling of the effluent of the cell to the reservoir tank from which it is fed again into
the cell. In relation to n,;, its lower value in continuous mode may indicate that oxygen
concentration possibly plays a catalytic role in the production of ozone, following
equation pi1, though in the literature it is clearly stated that ozone production at mild

conditions only uses water as raw matter, not oxygen [1].

H,0 + 0, - O3 + 2H* + 2e™ (pu1)

Time /s

0 4000 8000 12000 16000 20000 24000 28000

Time /s

Figure 5. Ozone electrogeneration in discontinuous mode: (e) experimental, (—)

model. Onset: Ozone electrogeneration in continuous mode: (o) 3 L min-! experimental,
(—) 3 L min't model, (®) 0.5 L min experimental, () 0.5 L min"t model, (A) 30 L

min-t experimental, (---) 30 L min't model. (Conditions: 10A, Na>SOa4, pH 6.8).



Table 2. Fitting parameter used for the simulations shown in Figure 5

j S | ks () | k(5% | ke (s) | Ko(sY)
Operation mode Nar | Maz | Naz | Mas | Mer | Mz | 12
10+ 10+ 10° 10+

(A) |mglL?
continuous 10 0 1.133 8.391 1.110 { 9.035 | 0.2 | 0.6 | 0.2 | -(0) | 0.2 | 0.8 | 0.92
discontinuous 10 0 1.133 8.391 | 1.110 | 9.035 |0.65| 0.1 {0.25| -(0) | 0.7 | 0.3 | 0.9

Influence of current density. Figure 6 shows the effect of current density on the
production of ozone in discontinuous mode and how the model proposed fits the
experimental data well, also keeping the value of the parameters of the chemical
processes, which indicates the robustness of the model. Values of fitting parameters are
shown in Table 3. The electrochemical production of ozone is faster with a higher applied
current intensity, as in such conditions, it achieves higher cell potential promoting ozone
production over oxygen as it is stated in parameter »,,. Decreases observed in parameter
n (production of hydrogen peroxide) at higher current densities can be explained by the
harsh conditions on the surface of the cathode, which promote the production of water
instead of hydrogen peroxide from the reduction of oxygen. However, current intensity
does not improve the stability of ozone because in the three cases ozone concentration

decreases after reaching a maximum value.

Table 3. Fitting parameter used for the simulations shown in Figure 6

_ j S | ks (59 | ke (59) | ke (59) | ko(sY)
Operation mode \ . . o | Mar | Maz | Tas | Tas | Mer | Mez r2
@ |mgLt| 10 10 10 10
discontinuous 10 0 1.133 8.391 | 1.110 | 9.035 |0.65| 0.1 {0.25| -(0) | 0.7 | 0.3 | 0.9
discontinuous 8 0 1133 | 8391 | 1110 | 9.035 [0.45(035| 0.2 |-(0) | 0.4 | 06 |
discontinuous 7 0 1133 | 8391 | 1110 | 9.035 [0.40(050(0.10-(0)| 0.2 | 08 | ;4
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Figure 6. Influence of current applied on ozone electrogeneration in discontinuous
operation mode: (c) 10 A, (m) 8 A, (®)7 A, (—) 10 A model, (---) 8 Amodel, (---) 7

A model (conditions: pH 6.8).

Oxidation of organic pollutants. Figure 7 compares the changes in the concentration of
ozone when an organic compound is added to the electrolyte in which ozone is produced.
In this case, which simulates wastewater treatment, the concentrations of ozone
accumulated in the electrolyte are lower, indicating that ozone reacts with clopyralid
(selected as organic target). This is observed in part b of the figure, where the
concentration of this compound is shown, as well as its mineralization (which the model
considers assuming the very small production of detectable intermediates at the very low
concentrations used). The part ¢ of the Figure shows the mg of TOC removed per mg of
Os consumed and shows that, after the first moments, this value stabilizes at

approximately 0.95 TOC mg™ Os.



As it is known, ozone is an unstable oxidizing gas with a maximum half-life in clean
water in the order of only a few hours, which is reduced when pollutants are present
because it is being used to degrade them. Thus, ozone is not only decomposed chemically
or by the action of other electrogenerated oxidants, as proposed by the processes modeled
before, but it is also decomposed during the oxidation of organics. Indeed, when the
organic is totally degraded, ozone and predator species are still available, and ozone

concentration remains decreasing.

As seen in the different lines shown in Figure 7 (simulations), the model proposed also
fits well the production of ozone and the degradation of total organic carbon (TOC) during
the test. Constants used in the simulation are shown in Table 4, being important to
highlight that all the parameters used for the simulation in the absence of clopyralid were
successfully applied in the presence of the organics and that the experimental results are
perfectly fitted only by considering that the value of 7,5 in the system in the absence of
organics is transformed into n,3; and n,, in the system in the presence of organics,

pointing out again the robustness of the model.
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Figure 7. a) Concentration of ozone electrogenerated in absence (o experimental,

model) and presence (m experimental, --- model) of clopyralid. b) Removal of

clopyralid (e experimental, — model concentration). c) Oxidant efficiency

(Conditions: pH 6.8, 10 A).

Table 4. Fitting parameter used for the simulations shown in Figure 7

Operation mode

[S4]

ks (S'l) Ka (S‘l)

ks (S'l)

ko (s?)

Naa

-4 -4 -5 -4

(A |mgL? 10 10 10 10
discontinuous 10 0 1.133 8.391 1.110 | 9.035 | 0.65| 0.1 |0.25|-(0) | 0.7 | 0.3 | 0.9
discontinuous 10 100 1.133 8.391 1.110 | 9.035 | 0.65| 0.1 |0.15| 0.1 | 0.7 | 0.3 0.94

Model validation. Figure 8 shows the plot experimental versus simulated data for the
results discussed in this work. As observed, the model satisfactorily reproduces the
production of ozone in mild pH conditions with a regression coefficient which ranges
between 0.88 and 0.99. The good fittings obtained with almost the same set of parameters

indicate that the model assumptions taken during its formulation are suitable and explain

well the experimental behavior observed.
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Figure 8. Experimental data for ozone electrogeneration and TOC removal: (X)

continuous 3 L min‘t; (+) continuous 0.5 L min‘t; (*) continuous, 30 L mint; (e) 10A

discontinuous; (m) 8A discontinuous; (A) 7A discontinuous; (@) discontinuous 10A;

(o) TOC removal in discontinuous mode at 10A

Conclusions

From this work, the following conclusions can be drawn:

PEM electrolyzer is able to generate ozone at neutral pH in continuous and
discontinuous mode. However, in discontinuous mode the ozone generated
decomposes faster over time, due to the electrochemical production of predator
species that destroy the ozone generated. This phenomenon can be partially
prevented by operating the cell in continuous mode, where the ozone generated
leaves the system minimizing the electrochemical destruction of the oxidant
produced.

A very simple model can describe ozone generation from the electrochemical
oxidation of water and a very low set of fitting parameters. This model considers
the formation of predators, such as hydrogen peroxide and other peroxo species,
which interact rapidly with ozone producing oxygen. Also, the chemical
decomposition of ozone and the effects of the interactions of ozone with organic
matter are taken into consideration.

The model reproduces the operation performance of the electro-ozonator in
continuous and discontinuous modes, the effect of current density and the effect
of the presence of clopyralid in the system. The model indicates that oxygen can
play an important role in the production of ozone, as a promoter in the production
of hydrogen peroxide and as a promoter in the formation of ozone from the

oxidation of water as well.
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