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Abstract: The present paper investigates the potential of the Galvano-Fenton process as an advanced
technique in terms of the simultaneous oxidation of a model pollutant, phenol, and the energy release
and saving as compared to conventional electrochemical techniques, namely, Fenton, Fenton-like,
and Electro-Fenton. A numerical model describing the electrochemical, electrolytic, and phenol’s
mineralization reactions is presented. Simulations are conducted to predict the kinetics of ferrous
and ferric ions, radicals’ formation, and phenol degradation along with released power. Parametric
analysis and comparisons are also performed between the basic configuration of the Galvano-Fenton
process and its upgraded version integrating a pre-immersion stage of the electrodes in the electrolyte
equivalent to 25% of the total experiment’s duration. The ratio of the initial concentration of H,O; to
the concentration of the released /added Fe?* catalyst is varied from 10 to 30. The effect of phenol
concentration is inspected over the range of 0.188 to 10 mg/L as well. Compared to conventional
Fenton-based techniques, the Galvano-Fenton process demonstrated a higher performance by reach-
ing 1.34% of degradation efficiency per released J. This is associated with the generation of hydroxyl
radicals of 0.047 nM/released ] with initial concentrations of hydrogen peroxide and phenol of
0.187 mM and 2 uM, respectively. Moreover, the integration of the pre-immersion stage allowed the
overcoming the barrier of the null degradation rate at the initial instant.

Keywords: Galvano-Fenton; pre-immersion; electro-Fenton; hydroxyl radical; energy; degradation

1. Introduction

The history of the Fenton reaction began in 1894 when Henry John Horstman Fenton
observed a higher oxidative capacity of a mixture containing iron ions and oxidizing agents
compared to the oxidative capacity of its components [1]. Since then, the Fenton reaction
has referred to the advanced oxidation process in which ferrous ions Fe?' initiate and
catalyze the decomposition of H,O, resulting in the in situ generation of hydroxyl and
hydroperoxyl radicals [2].

In a fundamental process, reduced iron unleashes the oxidative power of hydrogen
peroxide into reactive intermediates, as illustrated in Figure 1a. However, the mechanism
by which Fe?* catalyzes the oxidation of HO, and the identity of the participating interme-
diates remain controversial [3]. As a result, high reactive oxidizing species are generated,
most commonly the hydroxyl radical HO®, as shown in Figure 1a, which is responsible for
the oxidative destruction of a wide variety of organic compounds [4,5].
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Figure 1. Basic reactional mechanisms describing classic Fenton (a), Fenton-like (b), electro-Fenton
(c), and Galvano-Fenton (d) processes.

The Fenton reaction plays fundamental roles in in vivo and advanced oxidation
processes (AOPs) [6-9], with both of its classic or modified forms included in the so-called
“Fenton-based techniques”, some of which are schematized in Figure 1b—d. For instance,
the use of photo-Fenton or electro-Fenton for the treatment of wastewater was studied
and performed by several scientists such as Martins et al. [10], Tarkwa et al. [11], and
more recently, Lu et al. [12]. These techniques use additional energy and/or chemicals
to generate highly oxidizing agents, mainly hydroxyl radicals. Thus, the efficiency of
Fenton-based techniques is usually associated with the production of hydroxyl radicals.

The decomposition of hydrogen peroxide in the Fenton reaction is catalyzed by Fe(II).
The Fe(II) oxidizes to Fe(III), while the hydroxyl radical is produced as illustrated in
Figure la. Fe(III) is expected to regenerate Fe(II) through the reaction with hydrogen
peroxide. However, this reaction is known to be very slow, owing to the formation of
intermediate non-radical species such as Fe(H Oz)z+. Hence, the classic Fenton process
needs high amounts of Fenton's reagent to generate a high enough quantity of HO®, which
implies economic and environmental issues. Moreover, the formation of Fe>* ions and their
slow transformation into Fenton’s catalyst promote the occurrence of wasting reactions,
directly impacting the overall efficiency of the process [13].

Several solutions were proposed to overcome these limits, including heterogeneous
Fenton systems [14-16]. Hydroxyl radicals are generated in heterogeneous Fenton systems
in two ways. This can be completed through rither the true heterogeneous catalytic
mechanism described by Lin et al. [17] or the homogeneous Fenton reaction occurring
because of the leached iron from the solid catalyst as reported by He et al. [18], Hartmann
et al. [19], and Ramirez et al. [20]. This latter pathway is illustrated in Figure 1c,d in the
case of both the Galvano-Fenton and electro-Fenton processes. In both ways, iron-based
materials are considered superior heterogeneous Fenton catalysts because of their high
catalytic activity, insignificant toxicity, low cost, and easy recovery techniques.
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Electro-Fenton is an electrochemical process based on the Fenton reaction; its basic
mechanism is illustrated in Figure 1c. The electro-Fenton process combines both the
continuous regeneration of Fe(Il) and the in situ production of HyOj. In this process, Fe(II)
species can be regenerated by the reduction of Fe(IIl) species at the cathode that also allows
the in situ electro-generation of hydrogen peroxide using dissolved oxygen as a reagent.

The use of zero-valent iron (ZVI) [21,22] as a Fenton's catalyst has also been subject to
increasing interest in the last few years, owing to its stability, efficiency, and environmental
friendliness in heterogeneous Fenton. Rezaei and Vione [23] reported in their recent review
that ZVI is not stable in ambient conditions. It can become oxidized by H>O; to directly
gorm HO® through the proper heterogeneous Fenton reaction. It can also easily convert to
Fe** by reacting with water and/or dissolved oxygen, leading to a homogeneous Fenton
system. Zhou et al. [24] experimentally studied the degradation of 4-chlorophenol by a ZVI-
Fenton mechanism. In terms of the kinetics of degradation, the authors observed an initial
slow stage that could be explained by the heterogeneous reactions occurring at the metal
surface. The second stage of degradation was characterized by rapid kinetics that were
comparable to that of homogenous Fenton, revealing the occurrence of reactions between
hydrogen peroxide and ferrous ions released by the ZVI. In such a process, the control of
the kinetics of Fe>* generation remains a challenge, since the spontaneous corrosion of ZVI
under the effect of water and oxygen is difficult to predict and monitor.

More recently, a novel process based on the combination of a galvanic cell and Fenton
reaction, namely the Galvano-Fenton process [25], has been experimentally and numerically
investigated for its performance in terms of the catalyst formation and regeneration [26] and
the degradation of acid orange 7 [27]. The basic mechanism of the Galvano-Fenton process
is illustrated in Figure 1d. It relies on the galvanic corrosion of the iron waste used as a
sacrificial anode. The cathode, characterized by a higher redox potential usually made of
copper, forces the anode to oxidize to ferrous ions, acting as the catalyst of the homogeneous
Fenton reaction. The main advantage of the process is its energy-free operation and in
situ catalyst production. Moreover, galvanic corrosion can be controlled and monitored
externally, which allows for a concise estimation of the process performance. More than
that, while operating, the Galvano-Fenton process releases electrical current to the external
circuits as a result of the spontaneous motion of electrons between the anode and the
cathode.

The present paper aims to numerically assess the performance of the Galvano-Fenton
process based on two configurations. An initial “basic” version based on the simultaneous
immersion of electrodes in the electrolyte and the addition of hydrogen peroxide and
an upgraded “novel” version integrating a pre-immersion time aiming to accelerate the
start-up phase of the process once Fenton’s reagent is added, with particular attention
to an energetic parameter, namely, the ratio of the degradation efficiency to the released
energy. The “basic” Galvano-Fenton process is first confronted with classic Fenton, electro-
Fenton, and Fenton-like techniques in terms of the degradation of a model pollutant,
namely phenol, until its total mineralization. Both the basic and novel configurations
of the Galvano-Fenton reaction are then compared based on the kinetics of formation
and transformation of ferrous and ferric ions, the hydrogen peroxide consumption of the
free radical generation, and the pollutant degradation. Furthermore, several energetic
insights are given, particularly for the comparison of the positive and negative energy
balances presented by the electro-Fenton and the Galvano-Fenton processes that related
to their respective performances in terms of phenol’s degradation. Finally, a parametric
examination of the effects of the concentrations of hydrogen peroxide and phenol on the
degradation kinetics is conducted with both basic and upgraded configurations of the
Galvano-Fenton process.
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2. Results and Discussion

2.1. Comparison of the Performances of the Galvano-Fenton Technique to the Different
Fenton-Based Processes

2.1.1. Evolution of Ionic Species

Ferrous ions represent the catalyst of the Fenton reaction. They decompose hydrogen
peroxide molecules into hydroxyl radicals while being transformed to ferric ions. Ferrous
ions are then regenerated through the reaction of ferric ions with hydrogen peroxide, a
three-step slow mechanism that passes through the formation of Fe(H OZ)H, as shown
in Table 1. In this part of the study, the evolutions of the concentration of Fe?>* and Fe3*
are investigated in a function of time with classic Fenton, Fenton-like, electro-Fenton, and
Galvano-Fenton processes. Figure 2a,b reports the results, respectively. It is observed
from Figure 2a that although the electro-Fenton and classic Fenton processes are based
on the same initial concentration of ferrous ions with a value of 18.7 uM in the form of
added FeSO,, the decrease of the amount of Fe?" is significantly accelerated in the case of
classic Fenton starting from the beginning of the process, compared to the electro-Fenton
process. Within 20 min, the concentration of Fe?* reaches 0.32 uM with classic Fenton,
while it attains 8.5 tM with electro-Fenton. This observation is explained by the presence
of a stoichiometric yield of hydrogen peroxide, which is added externally in the case of
the classic Fenton process, while it is continuously produced in situ in the case of electro-
Fenton through the cathodic reduction of oxygen in acidic conditions under the effect of
an external current density of 25 pA /cm? reporting to the active surface of the cathode
as shown later in the Section 3. In the case of the Fenton-like process, the ferrous ions
are generated by the reaction of hydrogen peroxide and ferric ions passing through the
formation of Fe(H Oz)er. This slow mechanism is abruptly increased at the initial instant,
corresponding to the first contact of initial yields of H,O, and Fe3t. Tt is then braked
throughout the process duration. The concentration of Fe?* does not significantly increase;
it only evolves from 1.32 to 1.95 uM between 3 and 20 min. The Galvano-Fenton process
shows a continuous increase in the concentration of Fe?>", with an important evolution
at the beginning of the process, explained by the corrosion of iron and then a slower
evolution until attaining 2.91 uM at 20 min, explained by the simultaneous generation and
consumption of Fe?* in the decomposition of H,O,. Although not relying on an initial
amount of ferrous or ferric ions added in the form of salt but rather on in situ generation
through the spontaneous galvanic corrosion of iron, i.e., without the need for any external
current, the Galvano-Fenton process appears to maintain a relatively high yield of ferrous
catalyst in the electrolyte during the processing time compared to classic Fenton and
Fenton-like reactions. The only process leading to a higher concentration of Fe?* than the
Galvano-Fenton process is the electro-Fenton. Yet, the latter requires an external current to
feed the electrochemical cell, while the Galvano-Fenton process releases current through
the galvanic cell.
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Figure 2. Evolutions of the Fe?t (a) and Fe3t (b) concentrations and the pH of the electrolyte (c) in
a function of time with classic Fenton, Fenton-like, electro-Fenton, and Galvano-Fenton processes in
the presence of phenol at 2 M.
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At each instant, the observed concentration of Fe?t is the result of the available
initial concentration (in classic Fenton and electro-Fenton processes), the instantaneous
produced concentration (in the Galvano-Fenton process), the consumed concentration,
and the regenerated concentration from Fe>* (with the four processes). Regeneration is
examined through the evolution of Fe>* concentration in a function of time, as shown in
Figure 2b.

Figure 2b reveals that the Fenton-like process is characterized by the highest initial
concentration of ferric ions due to the addition of a stoichiometric amount of ferric salt
at the beginning of the process with a concentration of 18.7 uM. However, it appears that
this concentration is almost conserved over the process duration, and it barely decreases
to 18.3 uM within 20 min, which proves that the mechanism behind the formation of
the ferrous catalyst is indeed slow in the Fenton-like process. This observation confirms
the explanation given previously regarding the evolution of Fe?* concentration, but also
demonstrates that the major proportion of the added ferric ions in the Fenton-like process
is unused.

In fact, in the Fenton-like process, the ferric ions are supposed to be added at the initial
instant in the form of ferric sulfate salt. Thus, the highest concentration of Fe* is achieved
as soon as the ferric sulfate salt is added, i.e., at t = 0. The maximum concentration of
Fe?* in the electrolyte observed in this case at t = 1 min is explained by the slow reactions
of 2, 3, and 4, which are reported in Table 1. As soon as the concentration of Fe?t starts
increasing, the well-known rapid Fenton reaction (H,O,/Fe?") is activated, again releasing
Fe3t in the medium, as described by Reaction 1 in Table 1. Overall, and as a result of
the aforementioned mechanism, the concentration of Fe>* remains quite stable in the
electrolyte, as observed in Figure 2b in the case of the Fenton-like process.

Moreover, the classic Fenton process is characterized by a rapid increase in the con-
centration of ferric ions in the electrolyte, particularly during the initial stage of the process
(almost 3 first minutes). The concentration of Fe>* the reaches a plateau of 4.4 uM that lasts
until the end of the process, revealing the slowness of Fe>* regeneration, and consequently,
the low compensation of consumed ferrous catalyst in the decomposition of hydrogen
peroxide, inducing its permanent decrease.

Both the electro-Fenton and Galvano-Fenton processes present similar trends for
the evolution of the concentration of Fe3*. Fe3* concentration increases quasi-linearly
starting from the beginning of the process as a result of the gradual and continuous re-
action between Fe2t and H,0,, resulting the continuous in situ production of H,O; in
the case of the electro-Fenton process and the continuous in situ release of Fe?™ cata-
lyst in the case of the Galvano-Fenton process. Apparently, the spontaneous galvanic
generation of Fe?* in the Galvano-Fenton process leads to a higher rate of the reaction
Fe?T + HyOp — Fe3* + OH~ + HO® compared to the electro-Fenton process, which leads
to a higher instantaneous concentration of F et reaching 4.45 uM at 20 min versus 2.67 uM
with the electro-Fenton technique.

The evolution of the Fenton reaction, whether through the direct addition or the in
situ generation of Fenton reagent and catalyst, induces a modification of the balance of H™
and OH™ in the electrolyte. The initial pH of the medium is deemed equal to 3, which is
the recommended pH value for the Fenton reaction according to the Pourbaix diagram and
several previous studies [28]. The variation of the pH during the four studied processes is
examined and reported in Figure 2c. This figure shows that Fenton-like and electro-Fenton
processes can stably maintain the pH of the electrolyte at 3 over the process duration. With
the classic Fenton process, the medium tends to become less acidic, with a pH value that
attains 3.05 after 20 min, which is equivalent to a decrease of 0.1 mM in H * concentration.
On the contrary, the Galvano-Fenton process leads to a slightly more acidic medium, with
a final pH value of 2.94, which is equivalent to a gain of 0.15 mM in H" concentration.
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2.1.2. Evolution of Hydroxyl Radical Yield

As an advanced oxidation process, the Galvano-Fenton degradation of pollutants is
based on the generation of highly oxidative free radicals, principally HO®. A hydroxyl
radical is not only characterized by the second highest redox potential after fluor, but
it is also characterized by its non-selective character in terms of oxidized species. The
evolution of the generation of hydroxyl radical is presented in Figure 3 in a function of time
for the four compared processes. This figure reveals that the kinetics of hydroxyl radical
generation can be divided into two stages; the first stage would comprise the first 5 min
starting from the beginning of the processes, while the second stage would correspond to
the interval ranging from 5 to 20 min. During the first stage, the classic Fenton process
results in a drastic increase of the concentration of HO® in the electrolyte at the initial
instant to the order of 1078 mM. As soon as Fenton reagent and catalyst are added and
put in contact, the rate of the HO, decomposition reaction strongly increases due to high
concentrations of both reagent and catalyst. However, this scenario is only valid during the
very beginning of the process, i.e., as long as the concentrations of H,O, and Fe?* are high.
Once consumed, the concentration of HO; becomes limited, and the regeneration of F e2t
becomes very slow, which inhibits the continuous release of HO® during the second stage,
and its concentration drops to less than 10~ mM. Nevertheless, the high concentration of
HO?® during the initial stage would strongly enhance the degradation process that would
be decelerated afterward. During the first stage, the Fenton-like, the Galvano-Fenton, and
the electro-Fenton processes experience a gradual increase of HO® production; however,
the electro-Fenton process is revealed to be the slowest process among the three. This could
be explained by the gradual release of the Fenton reagent H,O, in the electrolyte, which
results in its gradual decomposition and then the slow apparition of HO®, even during
the second stage. The Fenton-like process shows an initial increase in the concentration of
HO® during the first three minutes, accompanying the initial increase in the yield of Fe?*
observed in Figure 2a during the same timeslot. Owing to the slow conversion of Fe>*
into Fe?t, the generation rate of HO® becomes low, and the evolution of its concentration
during the second stage becomes very limited. In contrast, the Galvano-Fenton process
is characterized by a quasi-linear increase of HO® concentration during the first stage. At
5 min, it ends up at the same concentration reached with the Fenton-like process, with
an order of magnitude of 10~ mM. The concentration of HO® continues its increase with
the Galvano-Fenton process during the second stage and attains the highest concentration
compared to the three other processes, with a value of 2.5 x 1072 mM at 20 min.

2.1.3. Efficiency in Terms of Phenol Degradation

In the presence of an organic molecule, the hydroxyl radical produced by an advanced
oxidation process is expected to exert an oxidative attack initiating a decomposition process.
With phenol, this mechanism is susceptible to lead to complete mineralization, as described
in Table 1. In this part of the study, the Galvano-Fenton process is compared to classic
Fenton, electro-Fenton, and Fenton-like processes in terms of phenol degradation, as
presented in Figure 4. It is shown that both the classic Fenton and Fenton-like techniques
lead to very rapid degradation of phenol at the initial stage, explained by the availability of
both the Fenton reagent and the catalyst during this time slot, which is in agreement with
the relatively high concentration of the hydroxyl radical observed in Figure 3. However,
this trend characterizes the first 2 min. The degradation rate then decreases, owing to the
decrease of the available concentration of the hydroxyl radical but also to the decrease
of the phenol concentration. With higher concentrations of phenol, it is expected that
the degradation would not approach 100%. On the other hand, it is observed that the
electro-Fenton process induces a very slow decrease of the phenol concentration during
the initial stage, which is explained by the low concentration of hydroxyl radicals noticed
in Figure 3. The degradation rate begins to increase starting from 4 min, and the phenol
degradation becomes quasi-linear, leading to a phenol concentration of 0.12 uM, i.e., a
degradation rate of 94%. Although this degradation rate is significant, it requires 20 min of



Catalysts 2021, 11, 943 8 of 23

operation time with the electro-Fenton technique, while it is achieved within 4 and 5 min
with the Fenton-like and classic Fenton processes, respectively.

—Fenton —GF —EF Fenton like

Concentration of HO* (10?2 mM)

.\

0 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 3. Evolutions of HO® concentration in a function of time with classic Fenton, Fenton-like,
electro-Fenton, and Galvano-Fenton processes in the presence of phenol at 2 uM.
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Figure 4. Evolution of the concentration of phenol in function of time with classic Fenton, Fenton-like,
electro-Fenton, and Galvano-Fenton processes with an initial phenol concentration of 2 pM.

The Galvano-Fenton process results in the kinetics of phenol degradation evolving in a
function of time in the intermediate between the kinetics resulting from the electro-Fenton
and both the classic-Fenton and Fenton-like processes. It shows a null initial degradation
rate revealed by the horizontal tangent of the curve of concentration of phenol vs. time.
This observation is explained by the absence of the ferrous ion catalyst at typ. However,
this barely lasts a few seconds, then the phenol concentration starts decreasing linearly
between 0.5 and 6 min. The phenol concentration reaches then 0.5 uM, which is equivalent
to 75% degradation. The linear evolution of the phenol degradation through the Galvano-
Fenton process occurs in parallel to the linear increase of the hydroxyl radical concentration,
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resulting from the gradual release of Fe?" in the electrolyte through galvanic corrosion. The
achievement of a degradation rate exceeding 96% requires almost 12 min, which is twice
the time required for the classic Fenton and the Fenton-like processes to show the same
performance. The initial latency, due to the absence of the Fenton catalyst when the process
is started, is probably the reason for the delay observed in terms of the performance of
the Galvano-Fenton process for the degradation of phenol, compared to the classic Fenton
and Fenton-like processes. Thus, we suggest modifying its configuration by integrating a
pre-immersion time for both electrodes in the electrolyte before the addition of hydrogen
peroxide. The resulting changes are discussed in the following paragraph.

2.2. Galvano-Fenton and Pre-Immersion Effects
2.2.1. Fenton Reagent, Catalyst, and Phenol Degradation

The integration of the pre-immersion time in the Galvano-Fenton process aims to
overcome the barrier of the null initial rate of degradation due to the absence of the ferrous
ion catalyst at the initial instant. The pre-immersion of the electrodes is expected to release
ferrous ions through the spontaneous oxidation of the solid iron electrode, as shown in
Equation (1).

Fe — Fe?T + 2~ (1)

In the present section, both the Galvano-Fenton process and the Galvano-Fenton
process with pre-immersion time are compared based on the evolution of the concentration
of hydrogen peroxide, ferrous and ferric ions, and phenol. We are arbitrarily considering
a pre-immersion time of 5 min for the Galvano-Fenton process with pre-immersion time
while considering similar operating conditions. Both processes are compared in Figure 5a,b,
starting from the instant of the addition of hydrogen peroxide at 0.186 mM.

Figure 5a demonstrates that with a pre-immersion time of 5 min, the evolution trend
of phenol degradation is completely changed at the beginning of the process, i.e., when
hydrogen peroxide is added. Indeed, at the opposite of what was previously observed
with the Galvano-Fenton process, the degradation rate is at the highest at the initial instant,
revealing the instantaneous decomposition of H>O; into hydroxyl radicals as soon as it
is added. This occurs thanks to the availability of the Fenton catalyst released during
the pre-immersion time by the galvanic corrosion of the iron electrode. The rapid decom-
position of HyO; is confirmed by the net decrease of its concentration when integrating
the pre-immersion time, compared to the Galvano-Fenton process. In quantitative terms,
phenol degradation exceeds 96% within 7 min when considering the pre-immersion of the
electrodes, which is against the 12 min time reported earlier. Simultaneously, a consump-
tion rate of HyO, of 2.87 uM/min is recorded when integrating the pre-immersion, while
it is limited to 1.8 uM/min without the pre-immersion, which is equivalent to an 88.58%
increase in the Fenton reagent decomposition.

The effect of the novel configuration on the evolution of the concentration of the
ferrous and ferric ions is examined in Figure 5b. It clearly shows that while the Galvano-
Fenton process begins with a null concentration of catalyst, the Galvano-Fenton with
pre-immersion time counts 4.6 uM of F et at the instant of the addition of H,O,. This
concentration abruptly decreases once both Fenton’s reagent and the catalyst come to
contact. Indeed, it is noticeable that the concentration of Fe?* decreases to 2.3 uM at
2.5 min, which is in parallel to the increase of Fe>" resulting from the reaction of HyO, and
Fe?t, as shown in Table 1. Interestingly, after 2.5 min, the concentration of ferrous ions
increases again as a result of the permanent galvanic corrosion of iron electrode releasing
Fe?*. In this regard, the pre-immersion time seems to offer three advantages: (i) it allows
the process to starts instantaneously with a positive degradation rate of phenol, (ii) it
provides an initial catalyst yield that is capable of maintaining the catalyst concentration in
the electrolyte at a relatively high level, almost 4-fold that provided by the Galvano-Fenton
process, and (iii) it partially resolves the issue of the slow Fe?* regeneration from Fe®,
observed earlier and previously reported in the literature [29]. Studies report that a Fenton
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reaction proceeds through a non-radical Fe(IV) species, namely, the -oxo (Fe!Y0)?* species,
but its mechanism awaits proper experimental validation [30].
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Figure 5. Comparison of Galvano-Fenton and Galvano-Fenton with pre-immersion time in terms of

phenol degradation and hydrogen peroxide consumption (a) and the evolution of the concentrations
of ferrous and ferric ions (b).

Indeed, Figure 5b demonstrates a rapid increase in the ferric ion concentration in both
cases, revealing the slowness of the regeneration process and the predominance of galvanic
corrosion as a source of Fe?t, compared to the reaction transforming Fe3* into Fe?™.

2.2.2. Evolution of Free Radicals’ Yields

We suggest inspecting the kinetics of the production of free radicals, namely, HO®,
HO,*, SO4*~, and O,°, through both Galvano-Fenton and Galvano-Fenton with pre-
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immersion time. Figure 6 reports the simulation results considering the addition of hydro-
gen peroxide into the electrolyte at 0.186 mM at the reference time. It is observable that the
pre-immersion time of 5 min resulted in the instantaneous apparition of free radicals as
soon as the Fenton reagent was added. The largest difference in terms of the concentration
of free radicals is noticed during the first minute of both processes. For instance, whilst the
concentration of HO® is quasi-null at t( in the case of the Galvano-Fenton process, it is to
the order of 0.002 nM when integrating the pre-immersion of the electrodes. The highest
concentration among the four aforementioned free radicals is reached by HO;®. At the
initial instant, its concentration is about 0.2 nM with the Galvano-Fenton process, while
it exceeds 30 nM when considering the pre-immersion of the electrodes in the electrolyte
over 5 min. After 1 min from the addition of the hydrogen peroxide, both processes seem
to result in very close concentrations of free radicals in the electrolyte, with slightly higher
values for the Galvano-Fenton process with pre-immersion time. The difference neigh-
bors the order of 20% to 50% as a function of the free radical species by the end of the
experiment’s duration.
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Figure 6. Comparison of the Galvano-Fenton and the Galvano Fenton with pre-immersion in terms
of the concentrations of free radicals.

2.2.3. Mechanistic Insights

The mechanism of phenol degradation is closely dependent on the release of free
radicals in the electrolyte; hence, in Figure 7a,b, we examine the evolution of the concen-
tration of the intermediate species formed during phenol degradation, as described in
Table 1 and in the case of the Galvano-Fenton process and the Galvano-Fenton process
with pre-immersion time, respectively. When comparing both figures, we notice that an
earlier formation of intermediate species is observed when integrating the pre-immersion
time. With the first intermediate species to appear in the phenyl radical, its concentration
instantaneously reaches 2.7 nM as soon as hydrogen peroxide is added after the 5 min of
pre-immersion of electrodes in the electrolyte. In contrast, the concentration of the phenyl
radical gradually increases in the case of the Galvano-Fenton process until it reaches a
maximum value of 1.7 nM at 3 min. The same delay is observed in the evolution of the
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concentrations of the other intermediate species. For instance, the peak of the hydrox-
yphenyl radical concentration is observed at 3.6 min in the Galvano-Fenton process, while
it appears at 1.5 min when considering the pre-immersion time. Similarly, the maximum
concentration of benzoquinone is reached at 5.5 and 2.5 min in both processes, respectively.
The early apparition of the intermediate phenol degradation species reveals the most rapid
degradation of phenol tending to its mineralization.

12
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Figure 7. Kinetics of the formation of intermediate species from the degradation of phenol in the
Galvano-Fenton process (a) and the Galvano-Fenton process with pre-immersion time (b).

The adopted mechanism of phenol degradation assumes the formation of all of the
known intermediates until total mineralization. Accordingly, through the simulations
depicted in Figure 7a,b, within 15 min, the adopted mechanism leads to the complete
degradation of phenol and the total disappearance of all the intermediate species, revealing
the apparition of mineral products as per reactions 42, 43, 45, 47, 48, and 49 in Table 1.
Figure 8 illustrates the overall process of hydroxyl production and phenol degradation until
mineralization through the Galvano-Fenton process without and with the pre-immersion
stage. It appears that the accumulation of ferrous ions accelerates the initiation stage
and hence enhances the production of hydroxyl radicals in both time and yield (earlier
production with higher amount). The produced hydroxyl radical is expected to react with
the phenol molecule, but it is also expected to react with the three major products of phenol
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oxidation, namely, hydroquinone, benzoquinone and catechol, leading to chain reactions
resulting in their complete mineralization to CO, and H,O.

H,0

Pro-immersmr\ H,0,
stage
Fel/ OH
Fe —Fe? Fe H,
HO*+
e3+

Kﬁ@o}*‘.’r

Fe3*
I FeHO?*
4 OH o)\
Fe(HO,)?* l i
,,/J\/OH
| Fe(OH)HO,* |
(A
OH o)
I \ )
FeZ* Fez» Fel+ Y
+
HO*

Mineral products

Figure 8. Schematic illustration of the production mechanism of the hydroxyl radical and phenol
degradation until mineralization through the Galvano Fenton process without and with the pre-
immersion stage.

2.2.4. Energetic Insights

At present, we suggest relating the efficiency of the Galvano-Fenton and Galvano-
Fenton process with pre-immersion time to the energy release [31], compared to the
efficiency of the electro-Fenton process to the energy consumption, considering similar
conditions of spontaneous and forced electrochemical reactions. Figure 9a represents the
polarization curves of the Fe-Cu galvanic cell within the Galvano-Fenton process in the
presence of hydrogen peroxide at 0.187 mM, as described in the present work. This figure
shows that the corrosion current is concisely 298.75 pA for a corrosion potential of 0.277 V,
which is equivalent to a maximum power of 82.75 mW. Considering an operating duration
of 15 min, the total energy released by both configurations of the Galvano-Fenton process
starting from the instant of the addition of HyO, would be to the order of 74.47 J.

In Figure 9b, the ratios of the yield of hydroxyl radicals emerging over the process
duration to the energy released by both configurations of the Galvano-Fenton process are
presented. In the same figure, we report the ratio of the yield of the produced hydroxyl
radical in the electro-Fenton process and reporting the energy consumption using the same
process. Conventionally, we correlate this with a negative sign the energy release. The
figure demonstrates that the highest ratio is attained with the Galvano-Fenton process, to
which we integrate a pre-immersion of electrodes in the electrolyte over 5 min. The ratio
then equals 0.047 nM per released Joule. With the Galvano-Fenton process, the ratio is
estimated to be at 0.0311 nM per released Joule. On the opposite hand, an electro-Fenton
process operating at the same conditions would produce 0.0059 nM per consumed Joule.
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Figure 9. Polarization curves of the Fe-Cu galvanic cell within the Galvano-Fenton process in the
presence of HyO, (a) and ratios of the HO® yield (b) and phenol degradation percentage (c) to the
consumed or released energy.

In terms of phenol degradation efficiency, Figure 9c reports the ratio of the percentage
of phenol degradation to the released or consumed energy when considering an initial
phenol concentration of 2 uM. This figure shows that the Galvano-Fenton process with
pre-immersion time can degrade 1.34% the initial phenol concentration by 1.34% for each
released Joule against 1.32% with the Galvano-Fenton process. The electro-Fenton process,
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however, would degrade 1.05% for each consumed joule. Overall, both configurations of
the Galvano-Fenton process, when treated as energetic systems, are characterized by a
higher performance added to an energy release, while the electro-Fenton process not only
shoes a lower performance but also shows lower energy consumption.

2.3. Parametric Analysis of Galvano-Fenton and Galvano-Fenton with Pre-Immersion Techniques
2.3.1. Effect of the Ratio of H,O, to Total Released Iron

Figure 10 reports the variation of the phenol concentration as a function of the con-
centration of the added hydrogen peroxide with both the Galvano-Fenton process and the
Galvano-Fenton process with a pre-immersion time of 5 min. It is observed that although
the hydrogen peroxide is not totally consumed during the simulation duration, the increase
of its concentration positively affects the degradation rate of the phenol. This is explained
by the acceleration of the decomposition kinetics of hydrogen peroxide as well as the
regeneration kinetics of ferrous ions from ferric ions, as indicated in Table 1. In terms of
Fenton’s reagent to Fenton’s catalyst ratio, from Figure 10a, it appears that considering
the similarly released yield of Fe?* during the experiment’s duration, a 100% increase in
the ratio of the yield of HyO; to that of the released Fe?>* allows the achievement of 96%
phenol degradation almost 4 min earlier. However, a further increase of Fenton's reagent
to the Fenton’s catalyst ratio of 200% would not induce any significant gain in terms of
degradation efficiency. Indeed, with 0.373 and 0.559 uM of added H,O, the curves of
phenol degradation are almost superimposed, with an initial phenol concentration of 2 uM.

When the concentration of phenol increases to 20 and 105.4 uM, the increase of the
concentration of added hydrogen peroxide demonstrates a more important enhancement
in phenol degradation. For instance, Figure 10b shows that the phenol degradation rate
increases from 79.37% to 88.72% and 92.10% when the phenol concentration increases from
0.187 to 0.373 and 0.559 uM, respectively, with an initial phenol concentration of 20 pM.
The effect of the phenol concentration will be further discussed in the following section.

In the case of the Galvano-Fenton process with pre-immersion time, the increase of the
initial concentration of hydrogen peroxide clearly acts on the initial degradation rate. This is
noticeable from the tangent of the phenol degradation curves in Figure 10d—f. The increase
of the hydrogen peroxide concentration also induces an increase in the phenol degradation
percentage as a function of time, and this gain is accentuated as the concentration of phenol
increases.

The comparison of both processes, i.e., without and with the integration of the pre-
immersion time, demonstrates that the increase of hydrogen peroxide concentration leads
to higher phenol degradation when the addition of the Fenton’s reagent is preceded by
the immersion of the electrodes in the electrolyte over 5 min. However, the gains in
terms of phenol degradation seem to be comparable. To illustrate, with an initial phenol
concentration of 105.4 uM and similar augmentations of the initial H,O, concentration
from 0.187 to 0.559 uM, the Galvano-Fenton process depicts an increase of the degradation
percentage from 40.90% to 69.41%, which is equivalent to a gain of 28.49%, as shown in
Figure 10c, while the Galvano-Fenton process with pre-immersion time demonstrates an
increase in the degradation percentage from 57.78% to 85.06%, i.e., a gain of 27.28%, as
shown in Figure 10f.
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Figure 10. Degradation kinetics of phenol considering three different initial concentrations of phenol (2, 20 and 105.4 uM)
and hydrogen peroxide (0.559, 0.373, and 0.187 mM) in the Galvano-Fenton process (a—c) and in the Galvano-Fenton process
with pre-immersion time (d—f).

2.3.2. Effect of Phenol Concentration

In parallel to the effect of the initial concentration of hydrogen peroxide, Figure 10
reports the effect of the phenol concentration with both the Galvano-Fenton process and
the Galvano-Fenton process with pre-immersion time. There are three cases that can
be distinguished with each of both processes: (i) With a low phenol concentration, i.e.,
2 uM in the present study, the pre-immersion of electrodes in the electrolyte over 5 min
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transforms the initial phenol degradation phase from slow kinetics characterized by a zero
initial rate to kinetics starting instantaneously with the addition of hydrogen peroxide
and showing a maximum degradation rate at the initial time. In terms of the degradation
efficiency, the pre-immersion time results in a shift in the degradation curve as a function
of time and demonstrates a gain of almost 4 min for similar degradation percentages. (ii)
With an intermediate concentration of phenol, i.e., 20 uM, the latency phase in the phenol
degradation kinetics is extended to almost 1 min with the Galvano-Fenton process. When
integrating the pre-immersion time, the decrease of the phenol concentration becomes
quasi-linear with the lowest concentration of hydrogen peroxide and shows maximum
degradation rates at the initial instant when the concentration of hydrogen peroxide is
increased. (iii) With a high concentration of phenol, i.e., 105.4 uM, the latency time in
the phenol degradation kinetics with the Galvano-Fenton process reaches the order of
2 min. In contrast, all of the curves of the evolution of the phenol concentration with
the Galvano-Fenton process with pre-immersion time exhibit linear trends, avoiding the
initial phase of zero degradation rate and consequently leading to a higher degradation
percentage for a similar experiment time. For instance, after an operating time of 15 min
with an initial hydrogen peroxide concentration of 0.559 uM, the final concentration of
phenol reaches 15.73 uM versus 32.24 uM, without the pre-immersion of electrodes in the
electrolyte. This means a gain of 15.67% in terms of degradation performance.

3. Materials and Methods
3.1. Processes” Configuration

In both treated electrochemical processes, i.e., the Galvano-Fenton and the electro-
Fenton processes, both electrodes are used in the form of rectangular smooth plates of a
12 cm? area, 6 cm? of each are immersed, putting 12 cm? of the contact surface between
the electrode and the electrolyte, which is in 100 mL of distilled water contained in a glass
beaker. In the adopted configuration of the Galvano-Fenton process, the electrodes are
deemed to be arranged in parallel in the electrolyte. They are electrically connected by
an external wire ensuring the movement of the electrons, while the movement of the ions
in the electrolyte provides internal electrical continuity, aided by a magnetic stirring at
350 rpm, as illustrated in Figure 11. The Galvano-Fenton process spontaneously releases
electrical energy. A zero ammeter was used to measure the corrosion current adopted in the
numerical model. The setup was also connected to a galvanostat-potentiostat to acquire the
polarization curves presented in Figure 9a. For comparison purposes, in the electro-Fenton
process, both electrodes are assumed to be connected to a DC generator delivering the
same current density as that recorded in the Galvano-Fenton process. Finally, with both
the Fenton and Fenton-like processes, the same nature, volume, and pH of the electrolyte
is considered. The initial conditions of all of the studied processes are described in the
following paragraph.

External electric wire —»( >

Copper plate sheet — ~ Iron plate sheet

Electrolyte —» .
. Magnetic bar
r —»

oo @

Figure 11. Considered configuration in the modeling of the Galvano-Fenton process.

Magnetic stirre
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3.2. Numerical Approach
3.2.1. Galvano-Fenton Process

The Galvano-Fenton process is simulated considering a corrosion current of 300 pA for
a contact surface of the anode of 12 cm?, which is equivalent to a current density reported
to the active surface of the anode of 25 uA/cm?. The Galvano-Fenton system is modeled
by combining electrochemical reactions taking place at the anode and the cathode with
chemical reactions related to the Fenton mechanism occurring in the bulk liquid volume.
As the iron constitutes the sacrificial electrode, Fe oxidizes to Fe** (E = —0.44 V vs. SHE)
according to Equation (1), which was mentioned earlier.

At the cathode, the most probable reaction concerns the reduction of H* to form
H, (E° = 0 V vs. SHE) owing to the acidity of the medium. This has been proven in
a previous work conducted by our research group [26]. The reduction reaction is then
expressed as reported in Equation (2).

2H" 42 — H, )

The kinetics related to all of the electrochemical reactions are governed by Faraday’s
law [32], given in Equation (3), and describe the evolution of the Cj concentration of the
species involved in the electrochemical reactions in a function of time.

dck Z.corr
K 4
dt nFV

®)

n represents the valence number; it equals 2 for reaction 1 and 1 for reaction 2. F is
Faraday’s number, which equals 96,490 C/mol. i.oyr represents the corrosion current, while
V constitutes the volume of the electrolyte.

According to Equations (1) and (3), the yield of ferrous ions generated during 20 min
is estimated to be 18.6 uM.

3.2.2. Galvano-Fenton Process with Pre-Immersion Time

The upgraded configuration of the Galvano-Fenton process is characterized by the
integration of a pre-immersion of connected electrodes in the electrolyte 5 min before the
addition of hydrogen peroxide. This period is then described as a galvanic cell, operating
spontaneously due to the difference in the redox potential between the cathode and the
anode and continuously releasing ferrous ions into the 100 mL electrolyte according to
Equation (1). Fe?* is then accumulated during this period and will constitute the initial
concentration of the catalyst when the hydrogen peroxide is added. The kinetics of the
formation of ferrous ions in the electrolyte during the pre-immersion stage is described by
Faradays law, which is given in Equation (3), by considering a valence number of 2. For
coherent comparison, the operating time is limited to 15 min and is compared to the other
processes based on similar operating times.

3.2.3. Electro-Fenton Process

The electro-Fenton process is simulated by considering an external current equal to
the corrosion current measured in the Galvano-Fenton process, i.e., 300 pA for a cathode
surface contact area of 12 cm?, or in other words, a current density reported to the cathode
active surface of 25 pA/cm? and an initial concentration of 18.6 uM added Fe?* in form
of ferrous sulfate salt. The 100 mL of electrolyte is supposed saturated with oxygen,
whose solubility in water under the operating conditions is about 1.22 mM [33]. The
hydrogen peroxide is deemed to be released at the cathode through the reaction shown
in Equation (4) and is a generally accepted reaction in the electro-Fenton process [34-36].
The cathodic current also feeds the reaction for ferric ions reduction into ferrous ions,
which is shown in Equation (5), allowing for the regeneration of the catalyst. However,
since hydrogen peroxide is the limiting reactant in the electro-Fenton configuration, the
highest performance of the process is achieved when the fraction of current dedicated to
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the reduction of oxygen into hydrogen peroxide is equal to 1. This hypothesis is adopted
in the present work. At the anode, water molecules are believed to oxidize, giving protons
and oxygen as indicated in Equation (6) [37].

O, +2H"+2e¢ — HyOy 4)
Fe*t 4+ e~ — Fe?t 5)

1
HZO—>2H++§OZ+E’ (6)

The formation kinetics and the disappearance of the species involved in Equations (4)—(6)
are governed by Equation (3). The production of hydrogen peroxide according to Equation (4)
is characterized by a valence number of 2.

3.2.4. Classic Fenton and Fenton-Like Processes

Both configurations of the Galvano-Fenton process (with and without pre-immersion
stage) as well as the electro-Fenton process are compared to the classic Fenton and Fenton-
like processes. The comparison is performed by considering the initial yields of Fenton’s
reagent and the catalyst in the classic Fenton and Fenton-like processes that are equivalent
to those that would be released in situ in the Galvano-Fenton and electro-Fenton processes.
Thus, the classic Fenton process is modeled and simulated considering an initial concen-
tration of ferrous sulfate of 18.7 uM, while the Fenton-like process is set based on a ferric
sulfate salt concentration of 9.35 uM, giving an initial ferric ion concentration of 18.7 uM.
In all the cases, the initial concentrations of the equilibrium products are considered in the
simulations when applicable, according to Equations (7) and (8) [8].

[HSO4_}

HAE02] 347 x10' M1 7)

[Fiﬁ%ﬂ =229 x10' M~! 8)
Fe3+ 3

[H+][[FeOLZ+] =34.48 x 10' M~! )

3.2.5. Chemical Mechanism in the Electrolyte

Once Fenton’s or the Fenton-like reagent and catalyst are present in the electrolyte, all
of the possible reactions expected to occur in the presence of phenol are reported in Table 1.
The chemical kinetics describing the evolution of all of the Fenton-based mechanisms
evolving in the electrolyte are set based on the kinetics constant reported in the same table.
Each reaction in Table 1 can be schematized according to Equation (10).

K K
Y VXe— ) v Xk (10)
k=1 k=1

v'y; is the stoichiometric coefficient related to the kth species X; within the ith chem-
ical reaction. The kinetics rate related to the ith reaction is expressed as reported in
Equation (11).

K !
ri =k [[Ci]"" (11)
=1

k; is the kinetic constant related to the ith reaction among the 47 reported in Table 1
and is determined at the operating temperature of 25 °C in the present study.
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The kinetics of apparition and the disappearance of a species Xj in the electrolyte is
governed by Equation (12) for species involved in the electrochemical reactions and by
Equation (13) for species that are only implicated in the electrolytic reactions [38].

d[Xk] 1 dcorr N ’ K &
=+— +Y (Vi — V) ki [X] I (12)
dt nv F = ! ijl /
d[X N K o
[dtk] = Z;(U”ki — ') ki [ T[X]" (13)

The system of non-linear differential equations derived from Equations (3) and
(10)-(13) is resolved using the fourth-order Runge-Kutta algorithm on Matlab with a
fixed step of 1 s.

Table 1. Chemical scheme of the possible reactions occurring in the electrolyte by the Fenton-based processes in the presence

of phenol; k; is the absolute reaction constant of the ith reaction. Adapted from [7,39-41].

i ith Reaction k; Unit of k;

1 Fe** + HyOp, — Fe** + OH~ + HO® 6.3 x 1072 mol 1.m3s1
2 Fe3* 4 HyO, — Fe(HO,)*T + H 3.1 x 10* mol '.m3.s1
3 Fe(HO,)*™ + Ht — Fe3t + HyO, 1.0 x 107 mol !.m3.s~1
4 Fe(HO,)*™ — Fe?* + HO,® 23 %1073 s

5 H,O, + HO®* — HO»* 4+ H,O 3.3 x 10 mol 1. m3s~1
6 HO,* — O0,*~ +Ht 1.58 x 10° s~1

7 0, + HT — HO,* 1.0 x 107 mol 1. m3s~!
8 Fe*t + HO® — Fe¥t + OH~ 32 x10° mol 1. m3s~1
9 HO,® + Fe?t 4+ HyO — Fe®t + HyOp + OH™ 1.2 x 10% mol~!.m3.s~1
10 HO,®* + Fe®t — Fe?t + HT + 0, 3.6 x 102 mol 1. m3s~1
11 0,° + Fe?t +2H,0 — F3t + H,0, +20H~ 1.0 x 10* mol 1. m3s~1
12 0, 4+ Ft = F2t + 0, 5.0 x 104 mol 1. m3s!
13 HO® + HO®* — H,0, 5.2 x 10° mol 1. m3s1
14 HO,® + HO»®* — HyO, + O, 8.3 x 102 mol~!.m3.s~1
15 0,*" + HT — HO,* 1.0 x 107 mol 1. m3.s~1
16 HO® 4+ HO,* — O, + HpO 7.1 x 10° mol 1.m3s1
17 HO® +0,*~ — O, +OH™ 1.01 x 107 mol 1. m3s~1
18 HO,* + 0,* 4+ Hy,O — HpyOy + O, + OH™ 9.7 x 10* mol 1. m3s~1
19 HO,® + HyOp — O + HO® + HyO 5.0x 1074 mol '.m3.s71
20 0,° 4+ H,0p — O, + HO® + OH™ 1.3 x 1074 mol 1. m3.s~1
21 Fe?™ 4+ SO42~ — FeSO,4 2.29 x 108 mol 1. m3s~!
22 5042~ + HO® — SO4*~ +OH~ 14 x 104 mol 1. m3s!
23 HSO4~ + HO® — SO,* + H,0O 3.5 x 102 mol 1. m3s1
24 S04°" + Hy,O — HT + 50,2 + HO® 3.0 x 10° s1

25 $04°~ +OH™ — S04~ + HO* 14 % 10* mol 1. m3s~!
26 S04°~ + Hy,0p — SO42~ + HT + HO,® 1.2 x 104 mol 1. m3s~1
27 S504°~ + HOy* — SO42~ + HY + 0, 3.5 x 100 mol~!.m3.s~1
28 S04~ + Fe?t — Fe3t + S042 3.0 x 10° mol 1. m3.s~1
29 FeSO4 — Fe*t 4+ 50,2 1.0 x 1010 s1

30 Fe3t + H,O — FeOH?*+ + HT 2.9 x 107 s1

31 FeOH?* + Ht — Fet 4+ H,O 1.0 x 107 mol 1.m3.s~1
32 FeOH?t 4 HyOp — Fe(OH)HO,™ + H* 2.0 x 103 mol 1. m3s~!
33 Fe(OH)HO," + HT — FeOH?t + Hy0, 1.0 x 107 mol 1.m3s~1
34 Fe(OH)HO," — Fe*™ + HOp® + OH~ 2.3 x 1073 s7!

35 Ph+ HO®* — DHCD*® 7.3 x 108 mol 1. m3s~1
36 DHCD® + Ht — Ph*® + Hy,O 5.0 x 10° mol . m3s!
37 DHCD® + 0, — CC + HO,* 1.5 x 100 mol 1. m3s~1
38 DHCD® + 0, — HQ+ HO,* 5.0 x 10° mol~!.m3.s~1
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Table 1. Cont.

i ith Reaction ki Unit of k;
39 DHCD® + O, — BQ + HO,* 5.0 x 10° mol'.m3.s~1
40 DHCD® + BQ — Ph* + CC 4+ HQ 3.7 x 10° mol '.m3.s~1
41 2DHCD® — Ph+CC 5.0 x 10° mol~!.m3.s~1
42 2DHCD® — products 5.0 x 10° mol L.m3.s1
43 DHCD® + Ph® — products 5.0 x 10° mol L.m3.s!
44 DHCD® + Ph®* — Ph+CC + HQ 5.0 x 10° mol~'.m3.s~1
45 Ph® + Ph* — products 1.0 x 10° mol L.m3.s1
46 BQ+ 0,*~ — HPH® + O, 1.0 x 100 mol !.m3.s~1
47 CC + HO® — products 1.1 x 107 mol 1.m3.s~1
48 HQ + HO® — products 5.0 x 10° mol~t.m3.s71
49 BQ + HO® — products 1.2 x 10° mol L.m3.s1

PH: phenol, C¢HgO. DHCDe: dihydroxy cyclohexadienyl radical, C1oH;6O3. PHe: phenyl radical, C¢Hs. HPHe: hydroxyphenyl radical,
C¢H4OH. CC: catechol, C¢HgO,. HQ: hydroquinone, C¢HgO,. BQ: benzoquinone C¢H;O;.

4. Conclusions

The present paper aimed to numerically access the performance of the Galvano-
Fenton process based on an initial “basic” version and an upgraded “novel” version while
integrating a pre-immersion time.

The comparison of the “basic” Galvano-Fenton process to classic Fenton, electro-
Fenton, and Fenton-like techniques revealed that both the electro-Fenton and Galvano-
Fenton processes present similar quasi-linear trends for the evolution of the concentration
of Fe**. The spontaneous galvanic generation of Fe?' in the Galvano-Fenton process leads
to a higher Fe?™ + HyOp — Fe3* + OH~ 4+ HO® reaction rate compared to the electro-
Fenton process, which leads to a higher instantaneous concentration of Fe3*. Moreover,
during the first stage, the Fenton-like, the Galvano-Fenton, and the electro-Fenton processes
showed a gradual increase in HO® production. The electro-Fenton presented the slowest
process among the three.

The integration of the 5 min pre-immersion stage allowed the acceleration of the
start-up phase of the process and the overcoming of the barrier of the null degradation rate
at the initial instant. This resulted in the instantaneous apparition of free radicals as soon
as the Fenton reagent was added. The largest difference in terms of the concentration of
free radicals was noticed during the first minute of both basic and upgraded processes.

Particular attention was paid to the ratio of the degradation efficiency to the released
energy. The Galvano-Fenton process demonstrated a higher performance by reaching 1.34%
of the degradation efficiency per released ]. This was associated with the generation of
hydroxyl radicals of 0.047 nM/released ], with initial concentrations of hydrogen peroxide
and phenol of 0.187 mM and 2 uM, respectively. The electro-Fenton process, however,
proved to degrade 1.05% for each consumed joule. Overall, both configurations of the
Galvano-Fenton process, which were treated as energetic systems, were characterized by a
higher performance added to an energy release, while the electro-Fenton process not only
shows a lower performance but also shows lower energy consumption.
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