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Highlights

e Electrolysis with DSA®-CI, anode promotes the oxidation and polymerization of PG.
e Competitive oxidation is observed for the Mix, decreasing mineralization efficiency.
e MeP removal might increase in Mix due to its copolymerization with PG oligomers.

e Buffered acid medium resulted in a higher mineralization of MeP, PG and the Mix.
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Abstract

Endocrine disrupting compounds (EDCs) are one of the many classes of harmful pollutants
frequently found in water resources. Even at low concentrations, EDCs might accumulate in
the organisms and interfere on numerous processes controlled by hormones. Parabens, for
example, are preservatives widely used in pharmaceutical and cosmetic industries, but several
studies related them to human breast cancer. It is well-known that electrochemical technologies
are an efficient alternative for wastewater treatment, promoting the appropriate destruction of
EDCs. However, most studies are applied to single target contaminant solutions, which may
neglect the impact from co-exited inorganic/organic pollutants. Based on that, this study aimed
to elucidate the interfering effects of two target organic contaminants of very different nature
during electrochemical mediated process. For that, methyl paraben (MeP) and propylene glycol
(PG) were selected as models of aromatic/phenolic and carboxylate compounds versus low-
molecular aliphatic alcohols. These two compounds are often together used in preservative
blends and cosmetic/pharmaceutical formulations. PG is not a harmful chemical, but it is
present in several types of effluents in relatively high concentrations. Thus, it may interfere on
the degradation of numerous pollutants of low concentrations. The electrochemical treatment
of a mixture containing 100 mg L* MeP + 1,000 mg L PG showed that both contaminants
suffered interfering effects. The presence of MeP negatively interfered on PG degradation; the
carboxylate compound is more easily oxidized even at lower molecular concentration. On the
other hand, the presence of PG showed an unexpected positive effect on MeP degradation, that
was not reflected on its mineralization. The results indicate that in addition to the expected
effect of anodic competition, polymerization and copolymerization reactions also occur in the
studied system. The use of an acidic buffer medium increased the removal of both contaminants
and favored the oxidation pathway over the polymerization. In this case, the increase in the
removal was reflected in the mineralization process, which increased up to 6 times when the
mixture was treated in the buffered medium.

Keywords
degradation; buffering system; mixed metal oxide anode; polymerization.
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Introduction

Endocrine disrupting compounds (EDCs) are one of the many classes of harmful pollutants
frequently detected in water resources. These chemicals are present in several everyday
products and represent a huge threat to the health of animals and humans. Even at low
concentrations, EDCs might accumulate in the organisms and interfere on numerous processes
controlled by hormones (Bergman et al., 2013; Damstra et al., 2002; Diamanti-Kandarakis et
al., 2009). Parabens, for instance, constitute a class of chemical compounds largely used in
cosmetic and pharmaceutical industries as antimicrobial preservatives (Bledzka et al., 2014;
Haman et al., 2015). In 2004 they were related to human breast cancer, and since then, several
studies have reported their adverse effects on the environment and the human and animal health
(Dagher et al., 2012; Darbre et al., 2004; Haman et al., 2015; Matwiejczuk et al., 2020; Nowak
et al., 2018). However, these substances are still widely used and, consequently, are detected
in several environmental sources (Chen et al., 2017; Honda et al., 2018; Li et al., 2015; Marta-

Sanchez et al., 2018).

It is well-established that conventional methods of wastewater treatment are inefficient for the
removal of several classes of chemical pollutants (Rajeshwar and Ibanez, 1997; Sirés et al.,
2014). As an alternative, the application of electrochemical methods has proven to be an
efficient way to overcome this problem, showing high efficiency for the mineralization of
various wastewater types (Brillas, 2021; Deng et al., 2018; Martinez-Huitle et al., 2015;
Martinez-Huitle and Panizza, 2018; Pazdzior et al., 2019).

Several studies reported the effectiveness of mixed metal oxides (MMOQO) anodes for mediated
oxidation of organic compounds (Martinez-Huitle and Panizza, 2018; Oliveira et al., 2018;
Pointer Malpass and de Jesus Motheo, 2021). Commercial MMO anodes are usually cheap,
very robust and stable, and divided into two types: good performance for Oz or Cl; evolution.
In the case of matrices containing chloride anions, the latest type of anode is an interesting
approach for electrochemical treatment. Active chlorine species (Cl2, HCIO and CIO") are
produced in the medium, being capable of oxidizing organic matter and disinfecting solutions
contaminated with microorganisms. Besides these species, chemically adsorbed *OH radicals
are also produced by MMO electrodes. This is a very powerful oxidant, which due to its non-

selective nature presents good efficiency for the mineralization process (Sirés et al., 2014;

Trigueiro etal., 2017). Recently, a study using a Ti/Ruo.3Tio.7O2anode showed that the adsorbed
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*OH radicals played an important hole in the oxidation mechanism of methyl paraben, even
under the presence of active chlorine species (Dionisio et al., 2020).

Besides all studies reported using electrochemical technologies, their real application always
faces the challenge of the complexity of the matrix and the effects of the process on it. Many
current studies are applied to single target contaminant solutions, which may neglect the impact
from co-exited inorganic/organic pollutants. Understanding the effect of the treatment on
molecules of different nature, the mechanism of oxidants production and of organics
breakdown, the possible parallel reactions and competitions are essential to improve the
treatments for specific types of wastewater matrices . Based on that, this study aimed to
elucidate the interfering effects of two target organic contaminants of different nature during
electrochemical mediated process. For that, methyl paraben (MeP) and propylene glycol (PG)
were selected as models of aromatic/phenolic and carboxylate compounds versus low-
molecular aliphatic compounds.

Parabens present structural characteristics that are very common to various water pollutants.
Their degradation have been extensively studied by biological methods and several advanced
oxidative processes, including electrochemical technologies, as well detailed in recent reviews
(Ngigi et al., 2021; Nguyen et al., 2021). Consequently, their main characteristics in several
effluents and oxidation mechanisms by several processes are well-known, which is an
important feature to consider for a model molecule. On the other hand, PG is a very common
cosmetic ingredient, largely used in pharmaceutical and food industries (Martin and Murphy,
2000). It is not a harmful chemical, but it is present in several types of wastewater, usually in
relatively high concentrations. Thus, it may interfere on the treatments for removing several

low concentration pollutants.

Parabens and PG are often found together in preservative blends, cosmetic formulations and
pharmaceutical manipulations, as so in industrial and domestic wastewaters. The presence of
chloride anions in this type of contaminated water is also very common, surpassing the
concentrations of other inorganic anions such as sulfate, phosphate and nitrate (Boroski et al.,
2009; Carbajo et al., 2015; Friha et al., 2014; Tobajas et al., 2014). Considering this, a
commercial MMO anode with high efficiency for Cl evolution was used to study the mediated
oxidation of MeP and PG as single targets and as mixture in chloride medium. The results
presented contribute to the comprehension of competitive effects of electrochemical treatments
in complex matrices.
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Experimental

Chemicals. Methyl paraben and propylene glycol were obtained from Sigma-Aldrich. NaCl
(Synth) was used as supporting electrolyte. H2SOg, acetonitrile (HPLC grade) and methanol
(HPLC grade) were obtained from PanReac. To maintain the solution at pH = 3, a buffer
solution of 0.1 M monochloroacetic acid (AnalytiCals) was prepared (named as
monochloroacetate buffer, Bmcac). All the solutions were prepared using high-purity water
obtained from a Millipore Milli-Q system (resistivity >18M cm at 25 °C) and reactants without

any purification.

Working solutions. Solutions of MeP (100 mg L!) and PG (1,000 mg L) were treated
individually and as a mixture (named as Mix) at the proportion 1:10 (w/w). Two different
media were used: NaCl 0.15 M and NaCl + Bmcac (0.15 M/0.1 M), both with initial pH = 3
(adjusted with HCI and/or NaOH 0.1 M).

Experimental set-up. Two systems were used in this study. First, to evaluate the degradation
of the pollutants and the Mix, a recirculation flow system, described elsewhere (Dionisio et al.,
2020), was used to treat 1.7 L of each solution in NaCl medium. The system was constituted
of a one-compartment electrochemical cell of 1.2 L capacity, a jacketed reservoir of 1 L
capacity and a circulator pump working at 5.0 mL s flow rate. A second set-up was used to
evaluate the effect of a buffering system on the electrochemical process. Experiments using
NaCl and NaCl + Bmcac media were carried out in a batch system using a jacketed cell with
0.6 L of solution. Both systems worked with two electrodes — a commercial DSA® of
Ti/Ruo3Tio.7O2 (DeNora Brazil) as anode and a Ti plate as cathode — with 54 cm?, separated by
5 cm. All electrolysis were performed using a Autolab PGSTAT 128N (Metrohm B.V.) and a

thermostatic bath (Neslab Instrument RTE-221) to maintain the working solution at 25 °C.

Analytical methods. The concentration of MeP was determined by liquid chromatography in a
HPLC Shimadzu SPD-10A VP, with a Zorbax SB-C18 (25 cm x 4.6 mm) column and UV
detector set in 254 nm. The mobile phase was acetonitrile and water (40:60 v/v) at 30 °C and
the flow rate was 1 mL mint. The monochloroacetic acid was monitored in the same
chromatographic system, using a Aminex HPX-87H (Bio-Rad) column and H.SO4 0.005 M as
mobile phase (1 mL mint). The temperature of the oven was 25 °C and the detector was set at
214 nm. The concentration of PG was monitored by gas chromatography in a GC- 2010 PLUS
(Shimadzu) equipped with Carbowax column (30 m x 0.250 mm id x 0.250 mm, Agilent
Technologies Inc) and FID detector. The temperature of the injector and the detector were set
in 200 °C, and the oven temperature program was: 50 °C for 1 min, then 25 °C min-! to 200 °C.
Nitrogen was the carrier gas, with 1.68 mL min-! flow rate and 200 kPa. The total organic
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carbon (TOC) was also determined, using a carbon analyzer Sievers InnovOx, General Electric
Company (FAPESP 2014/02739-6).

Results and discussion
Degradation of the single compounds and the Mix

The degradation of methyl paraben as single target contaminant, using DSA-Cl, anode and
chloride medium, was previously studied and reported elsewhere (Dionisio et al., 2020). Thus,
in this study MeP is used as a model molecule to understand the interfering effects of propylene
glycol on its degradation. For that, PG was also treated as single target contaminant and then
in the Mix with MeP. Both compounds are often used at the proportion 1:10 (w/w, MeP:PG)
for preservative blends and cosmetic formulations. To better observe the interfering effects, a
solution of 100 mg L"* MeP + 1,000 mg L PG in chloride medium was studied.

Fig. 1 shows the removal of MeP in chloride medium as a single target component (100 mg L-
1) and in the Mix with PG. It is observed that the higher is the applied current density (japp), the
faster the complete removal is attained. In this system, the oxidation of organic compounds
mainly occurs through active chlorine species generated in the medium, as showed by EQs.
(2)-(3) (Martinez-Huitle et al., 2015; Sirés et al., 2014 REF). These oxidants are majorly formed
at the anodic region and, because of their stability, they are transported to the bulk of the
solution. The electroproduction of chlorine gas increases at higher jap values and, therefore,
MeP removal is improved.

2CF > Cl+2¢ (1)
Cly + H,0 = HCIO + CI- + H* 2)
HCIO = ClO™ + H* (3)

It is worth noting that besides the major production of active chlorine species by DSA-CI
anodes, chemically adsorbed *OH radicals are also produced in minor scale ate the surface of
the electrode. In DSA-CI, anodes, *OH radicals are physically adsorbed to the surface due to
water electrolysis (EqQ. (4)). Then, these species can interact with the electrode’s surface
producing the so-called chemisorbed ‘active oxygen’ (M=0) (Eq. (5)) (Salazar-Banda et al.,
2021). In fact, Dionisio et al. verified that these hydroxyl radicals play an important hole in
the early steps of MeP degradation, even in the presence of chlorine species (Dionisio et al.,
2020). So, similarly, higher japp improve the production of chemisorbed ‘active oxygen’,

increasing MeP removal.
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M + H,0 — M(*OH) + OH + ¢ (4)
M(*OH) — M=0 + H* + & (5)

The removal of MeP from the Mix presented similar results to the removal of MeP as single
contaminant at higher japp values, achieving complete removal after 80 and 40 min for 5.0 and
10 mA cm?, respectively. However, at 2.5 mA cm?, faster elimination of MeP occurs in the
Mix, achieving 91% of removal after 2h, compared to 76% obtained when treated as single
target contaminant. The improvement observed in the presence of a second organic compound
— propylene glycol in this case — was not expected, but it suggests the occurrence of a parallel

reaction that assists removing MeP from the solution.
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Figure 1. Removal profile of MeP when treated as single target contaminant (full symbols) and as a
Mix component (empty symbols) by electrochemical process in NaCl 0.15 M. japp = (®,0) 2.5; (m,0)
5.0; (A,A) 10 mA cm= at 25 °C.

In the previous study using MeP as single contaminant (Dionisio et al., 2020), the
mineralization process was incomplete, indicating the complexity of the intermediates formed
during the degradation. Consequently, the authors reported the formation of an
organochlorinated solid product, which could be degraded by the process itself under higher
applied current. Similarly, this same solid was produced during the degradation of the Mix in
this study, and it was observed its lower accumulation for higher japp.

In order to evaluate the interfering effect of PG on MeP degradation, its removal was studied
as a single target contaminant (1,000 mg L) and in the treatment of the Mix, using the same
conditions. Fig. 2 shows that the abatement of PG in the Mix is very low and quite similar in
the range of the applied currents, achieving 16-23% of removal (inset). On the other hand,
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when treated as a single contaminant, it was possible to achieve greater PG removals and the
improvement with higher japp values is more significant (30% at 10 mA cm-2). These results
indicate that PG removal is disfavored in the presence of MeP, which is expected considering
a competition between both components.

So, both contaminants suffered interfering effects when treated as a mixture: while the presence
of MeP negatively interfered in PG degradation, the presence of PG showed an unexpected
positive effect on MeP degradation (very clear at low applied current, Fig. 1). The first effect
is relatively common in studies of competitive oxidation. Due to the presence of multiple target
contaminants, the oxidant species are not equally distributed to oxidize each organic
compound. Usually, it is expected that compounds at higher concentrations are more easily
oxidized, mostly because of its better mass transport/distribution in the system. However, at
the present case, MeP negatively interfered in PG oxidation due to its structure. Even at a lower
molecular concentration (0.66 mM of MeP versus 13 mM of PG), the oxidation of an aromatic
carboxylate compound, MeP, was preferable over a small aliphatic alcohol, PG, in this system.
On the other hand, the positive effect that PG presence caused in MeP degradation is initially
not clear and will be considered and discussed in the following sections.

Consideration of PG polymerization

As explained before, the main oxidants in the used system are the active chlorine species, which
are formed accordingly to the Cl> production. If considered the extrapolation that all applied
charge is used for the oxidation of CI~ to Cly, it is possible to estimate the maximum
concentration of chlorine produced (based on Faraday’s laws). In this study, chlorine
production would be in the range of 3-12 mM (for 2.5-10 mA cm-?) after 2h electrolysis, while
initial MeP and PG concentrations are maintained at 0.66 and 13 mM, respectively, to all
experiments. One should also remember that parallel reactions such as water oxidation and O>
evolution also occur in the system, and that Cl2 need to be converted into oxidants by Egs. (2)-
(3). Therefore, the real concentration of chlorine oxidants might be even lower than this
theoretical maximum concentration of Cl..
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Figure 2. Removal of PG from the Mix at different applied currents (e) 2.5; (m) 5.0; (A) 10 mA cm??,
in NaCl 0.15 M at 25 °C. Inset: Total removal of PG obtained when treated as single target contaminant
(black bars) and as a Mix component (white bars), after 2h electrolysis in NaCl 0.15 M at 25 °C.

In the case of MeP degradation, its concentration is probably lower than the oxidants
concentration, so a “typical” oxidation process is occurring. However, it is clear that the
chlorine oxidants concentration is lower than PG concentration, which can result in the
occurrence of other parallel reactions. Under this condition, one can also expect that the
chemically adsorbed ‘active oxygen’ (EQ. (5)) plays an even important hole in the degradation
process. Due to the high concentration of PG and relatively low concentration of oxidants in
the bulk (stable active chlorine species), it is possible that the main portion of PG is reacting
near to the anodic surface, where greater concentration of oxidant species is found (including
radicals and Cl,) and also where the direct oxidation process can occur.

Considering the above-described conditions and the results discussed in the previous section,
itis evident the occurrence of some organic parallel reaction(s) that cause the interfering effects
observed. It is well known that PG is an important intermediate on the production of polyether
polyols, which is a polymer class widely used on several industries. Based on that we consider
the possibility that the polymerization of PG is taking place as a parallel reaction in the system
and competing to its oxidation. Below, we propose three polymerization pathways feasible to
occur under the applied conditions in this study:

i) Free-radical polymerization of PG in the anodic region, where hydroxyl radicals (M(®*OH);
M=0) are initiators and PG derived radicals are propagators (Kobayashi and Higashimura,

2003) (Fig. 3a);

i) Under the drastic acidic conditions near to electrodes surface, it is possible to occur PG
epoxidation, resulting in propylene oxide. Its polymerization may start via acidic or basic
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catalysis in agueous medium, where PG is added to activated oligomers structure (Gagnon,

2008; Herzberger et al., 2016; Steiner et al., 1964) (Fig. 3b);

iii) The presence of activated chlorine species assists the formation of monochlorohydrin,
which in a basic medium may produce epichlorohydrin. Under the same conditions,

epichlorohydrin is activated by OH™ and added to PG molecules (Bell et al., 2008;
Cucciniello et al., 2016; Herzberger et al., 2016; Lu et al., 2015) (Fig. 3c).

(a) OH

HO'
OH ——MMM ~|jCH2—CH—Oj|—
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H'/ OH F %
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OH OH o ,
[cn OH
OH ——— Cl OH ——— C|\/A - +CHTCH_O+
HaC \ B
CH4
Monochlorohydrin Epichlorohydrin

Figure 3. Scheme of three possible polymerization pathways of PG, proposed for the studied
electrochemical system: (a) via free-radical, (b) via propylene oxide and (c) via epichlorohydrin.

This polymerization theory explains the improvement on removal of MeP under the presence
of PG (Mix treatment) observed in Fig. 1 (at 2.5 mA cm). Due to its phenolic nature, it is very
plausible that MeP and/or its oxidation products are incorporated to the polymer, especially
considering the free-radical mechanism proposed (Herzberger et al., 2016; Kobayashi and
Higashimura, 2003). It is well-known that oxidative polymerization of phenolic compounds is
one of the most common polymerization mechanisms (Kobayashi and Higashimura, 2003). As
a result, MeP is consumed from the solution by the copolymerization process with
polypropylene, or the consumption of its (phenolic)intermediates shifts the equilibrium to
improve MeP oxidation.

Considering that is under the lower japp that the greater difference between PG and oxidants
concentration is observed (as explained before), 2.5 mA c¢cm2 is probably the main condition
that parallel reactions (such as polymerization) can take place. Also, in general, at lower applied

currents it is expected lower reactions rate, which in the case of polymerization reactions means
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the production of longer-chain polymers. This can facilitate the copolymerization process and
might be the reason why synergic removal of MeP from the Mix is only clear at 2.5 mA cm2,
Besides longer-chain polymers be favored under lower japp, during PG degradation as single
target contaminant, no solid formation was observed. This indicates that the produced polymer

may presents relatively low molecular weight and some solubility in water (Herzberger et al.,

2016).

According to that, the lower removal of PG as a Mix component than as a single contaminant
(Fig. 2) can be attributed to two interfering effects: a decrease in the oxidation and the
polymerization rates. As mentioned, due to its structure MeP molecule is more easily oxidized
than PG, resulting in a competition for oxidant species and a lower oxidation rate of PG. In
addition to that, the copolymerization process might affect the polymerization rate, since the
incorporation of MeP molecules into the PG polymer results in higher removal of MeP from
solution and lower consumption of PG. Ultimately, it is observed that the interference of MeP
on PG degradation is greater than the opposite effect.

Tab. 1 presents the results of TOC removal (%) and energy consumption per unit of TOC mass
(EC) calculated by Eq. (6), where U is the cell voltage (V), | is the applied current (A), t is
time (h), V is volume of working solution (L) and ATOC is the experimental TOC decay (in
mg L),

Ut

EC (kW h gTOC™) = ——— (6)

It is observed a very low removal of organic matter due to the high concentration of PG and
relatively low applied current. Results indicate the formation of a very recalcitrant
intermediate, which is easily explained by the occurrence of polymerization reactions.
However, the removal of TOC also indicates that oxidation takes place in the system, even at
low rates. An increase in japp Values did not result in better TOC removals, thus high level of
energy consumption was obtained. This result also evidences the formation of
polymers/copolymers, which inhibits the oxidation process increasing CE.

Table 1. Total removal of TOC obtained after 2h of electrolysis and the respective energy consumption
when treating PG as a single target contaminant and as a Mix component in NaCl 0.15 M at 25 °C

japp (MA cm™?) Removal of TOC (%) EC (kWh gTOC)
2.5 13 0.008
PG 5.0 12 0.023

10 11 0.076
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2.5 2.2 0.054
5.0 11 0.024
10 12 0.058

Mix
MeP-PG

Understanding the buffering effect

Measurements of pH after the applied processes showed that the ApH values varied depending
on the contaminant (MeP, PG or Mix) and the japp, ranging from 1 to 5 units. Variations on pH
followed the order PG > Mix > MeP, which might be related to polymerization process
occurring as main reaction. As a result, chlorine species can accumulate in the medium,
elevating the pH. Similarly, the higher the japp, the higher the ApH values observed, because of
the active chlorine species in solution. The speciation of aqueous free chlorine is well-
understood in literature (Deborde and von Gunten, 2008) and a increase in the pH represents

a decrease in the oxidizing power of the solution:

pH < 1, there is a mixture of Cl, and HCIO, where Cl> predominates;

1 < pH < 4, HCIO is predominant over Clz;

4 < pH < 7.5, the mixture is composed of HCIO and CIO~, where HCIO predominates;

pH > 7.5, the predominant specie is CIO ™, which is the weaker oxidizing agent.

According to this, to better understand the process and the occurring interfering effects, the
three solutions (MeP, PG and Mix) were also treated in a buffered medium (0.15 M NaCl +
0.1 M Bwmcac) to maintain pH = 3 during all the electrolysis. The following presented results
were performed in a batch system using the same previous electrodes, with 0.6 L of working
solution and only at 2.5 mA cm (as described in the Experimental section). The degradation
of MeP as single target contaminant was previously studied in the buffered medium and
showed no differences from the non-buffered solution, achieving complete removal in 80 min
(Dionisio et al., 2020). It is worthy mention that monochloroacetic acid was submitted to
electrochemical treatment under the same applied conditions and no significant degradation
was observed within 2 hours.

Fig. 4 shows that the removal of PG as single contaminant is clearly improved in the presence
of Bmcac, achieving 40% of removal after 2 h of treatment (compared to 25% of removal in the
non-buffered medium). This result can be attributed to the enhancement of both oxidation and
polymerization reactions. As discussed, acidic medium increases the oxidizing power of the
solution, resulting in a better oxidation of PG. Likewise, the formation of Cl*® radicals becomes
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important when pH <3 (Eq. (7)) (Lutze et al., 2015), which favors the polymerization reaction
(Fig. 3c).

Cl"+ *OH + H* = CI* + H,0 (7)
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Figure 4. Removal profile of PG when treated as a single target contaminant by electrochemical process
in (A) NaCl 0.15 M and in (A) NaCl + Bmcac. japp = 2.5 mA cm at 25 °C.,

The behavior of both contaminants during the treatment of the Mix in the buffered and the non-
buffered solutions are presented in Fig. 5. As observed for single PG, its removal from the Mix
is improved by the constant acidic pH, which results from the enhanced oxidation and/or
polymerization reactions (Fig. 5b). Nevertheless, the removal percentages are lower than the
values obtained for PG degradation as single contaminant, because of the previously discussed
interfering effects of MeP. On the other hand, the removal of MeP from the Mix is improved
when treated in the buffered medium (Fig. 5a), differently from the results reported for single
MeP degradation (Dionisio et al., 2020). This effect can be explained by the copolymerization
reactions of MeP and/or its degradation products in the presence of PG. Also, since the buffered
medium can increase the polymerization rate, the copolymerization effect is also favored. So,
the polymerization theory considered before also explain the results obtained in the buffered
medium.
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Figure 5. Removal profiles of (a) MeP and (b) PG when treated as Mix components in (m, A) NaCl
0.15 M and in (0,A) NaCl + Bmcac. japp = 2.5 mA cm2 at 25 °C.

The TOC removed by the process was also evaluated in this system. The results were obtained
under a considerable low applied current value and with high initial organic carbon content.
Thus, it was not expected to achieve high removal percentages, but actually to observe the
behavior of TOC removal in each of the applied conditions, and its relationship with the
polymerization theory. The removal of TOC represents the extension of the mineralization step,
that is, the oxidation of all organic compounds in the solution. Fig. 6 shows the TOC removal
of MeP and PG as single target contaminants and as components of the Mix in both buffered
and non-buffered solutions. The acidic medium favored the mineralization process in all
systems, especially in the treatment of the Mix, where almost 40% of TOC removal is achieved
in2h.

The mechanisms pathway and intermediates formed during the electrochemical oxidation of
MeP and PG are reported in the literature (Dionisio et al., 2020, 2019; Steter et al., 2016, 2014).
In chloride medium, the intermediates formed vary according to the anode composition. Steter
et al. used a BDD anode to remove MeP from a sodium-chloride mixture medium. They
detected several organochlorinated compounds of phenolic nature and small polychlorinated
carboxylate compounds, before the mineralization was achieved (Steter et al., 2016). Dionisio
et al. used a DSA-CI; anode for MeP degradation and found that OH radicals played an
important hole on several steps of the mechanism, as mentioned before. In that study, the main
intermediates were aromatic compounds of phenolic and carboxylate nature, being some of
them chlorinated molecules (Dionisio et al., 2020). In another study Dionisio el al. reported
some of the intermediates detected during PG electrooxidation. The main products were small

carboxylic acids such as oxalic, formic, acetic, dichloroacetic acids (Dionisio et al., 2019).
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Figure 6. Total removals of TOC achieved after 2h of electrochemical treatment of MeP and PG as
single target contaminants and of the Mix, in NaCl 0.15 M (hatched bars) and in NaCl + Bmcac (solid
bars). japp = 2.5 mA cm2 at 25 °C. (e) Energy consumption of the treatment for MeP, PG and Mix in
buffered solution.

According to those studies, the degradation of both MeP and PG involves the production of
several aromatic and aliphatic carboxylic acids. Therefore, besides the higher oxidizing power
under the acidic medium, it also tends to favor the decarboxylation reactions of intermediates,
which are of great importance on the mineralization pathways. These results indicate that the
interfering effect of polymerization/copolymerization reactions decreases in acidic medium,
prevailing the oxidation of the pollutants. Under this condition, it is possible to oxidize the
mixture with a lower energy consumption than that observed for simple solutions of MeP and
PG.

Tab. 2 compares the results obtained in this study with a few other studies applying
electrochemical advanced oxidation processes to the removal of MeP from aqueous solutions.
All the data showed in the table refer to 120 min of the specific treatment. The applied electrical
charges (Q) were calculated based on the information containing in each paper. Similarly, the
removals of TOC at 120 min were extracted from the figures presented in each study. It is clear
that the total applied current in this work was very low. However, it is interesting to note that
it was possible to achieve similar results of TOC removal. For instance, Fortunato et al.
achieved approximately 70% removal of TOC after 2 h of photoelectro-Fenton process (PEF).

Table 2. Comparison of the TOC removal results obtained for different electrochemical processes
reported in the literature for MeP degradation from aqueous matrices

[Pollutant] _ . Q TOC
Experimental conditions Process Ref.
(mg L) (Ah/L) removal
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L; [Fe2*]:0.5 mM; UVA5 W m2

100 MeP A: DSA-Cly; C: Ti; 0.15 M NaCl; EO 0.453 ~ 35% This study
100 MeP + j: 25mAcm?; pH: 3; T: 25 °C;
1000 PG V- 06 L EO 0.453 ~ 35% This study
(Dionisio et
100 MeP  A: Si/BDD; C: Si/BDD; 0.06 M EO 450  ~30% . 2018)
al.,
— NaCl;j: 30 mA cm?; pH: 3; (
100 MeP + Dionisio et
T: 25°C; V:1L EO 4.50 ~30%
1,000 PG al., 2019)
(Dionisio et
100 MeP  A: Si/BDD; C: Si/BDD; 0.02 M EO 450  <60% . 2018)
al.,
_ NazSO4 j: 30 mA cm?; pH: 3; :
100 MeP + Dionisio et
T: 25°C; V:1L EO 4.50 ~50%
1,000 PG al., 2019)
A: BDD; C: GDE-modified; 0.05 EO 1.33 < 20%
- -2. .
26 MeP M NazSO0y4; j: 33.3 mA cm'2; pH: EF 133 “5go,  (Fortunato
25, T: 25°C; V:0.15L; et al.,, 2020)
[Fe?*]: 0.5 mM: UVC 5W PEF 133 ~70%
A: Nb/BDD; C: Activated GF (Rosales et
100 MeP (iron supported); 0.01 M NazSOu; EF 1.33 96.68% I
al., 2018a
i: 100 mA; pH: 3; V: 0.15 L. )
A: BDD; C: GDE; 0.025 M EO 4.00 < 50%
Na2SQO4 + 0.035 M NaCl; j: 66.7 Steter et
158 MeP 8250 bl EF 4.00 ~ 50% (
mA cm2; pH: 3; T: 35°C; V: 0.1 al., 2016)
L; [Fe2*]:0.5 mM; UVA5Wm2  PEF 400  ~60%
A: DSA-Cly; C: GDE; 0.025 M
z ! EO 400  <20%
158 Mep Na>SO4 + 0.035 M NacCl; j: 66.7 (Steter et
e
mA cm?;pH: 3; T: 35°C; V: 0.1 .
P PEF 400 <50% 22016

Abbreviations: A: Anode; C: Cathode; BDD: Boron-doped diamond; DSA-Cl,: MMO electrode for Cl, evolution; GDE:
Gas diffusion electrode; EO: Electrochemical oxidation; EF: Electro-Fenton; PEF: Photoeletro-Fenton; GF: Graphite felt.

However, in that study it was applied almost 3 times the electrical charge used here and a lower

initial organic content. In the same study, with single electrochemical oxidation (EO), less than

20% of TOC was removed, which is an even lower result than the reported here (Fortunato et

al., 2020). Steter et al. studied the electrochemical oxidation of MeP and its associations with

Fenton and photo-Fenton processes, using several materials as anodes. In the Tab. 2 it is
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highlighted the results obtained with BDD and DSA-CI, anodes. The mineralization is more
effective using BDD electrode, but when using DSA-CI> the achieved TOC removal by EO is
lower than the obtained in this study, even when applying almost 10 times the electrical charge.
Another example, that Dionisio et al. also studied the removal of the mixture of MeP and PG,
using a BDD anode in NaCl and Na;SO4 media. The Q value was almost 10 times higher than
the applied in this study, and yet similar results of TOC removal were achieved in chloride
medium (Steter et al., 2016).

There are several other studies using different treatment processes that achieved higher
efficiencies of MeP and TOC removals, such as Rosales et al. (Rosales et al., 2018b).
Independently of the target pollutant or wastewater, it is well-known that the energy
consumption is still a major challenge to overcome for the real implementation of
electrochemical technologies. In this context, several authors have been studying the use of
renewable energies to supply the electrical energy for the water treatments(Ganiyu et al., 2020;
Ganiyu and Martinez-Huitle, 2020). This approach is very interesting considering that it could
result in more sustainable, eco-friendly and autonomous processes, also reducing the demand
of fossil energy. Several studies discuss the application of solar photovoltaic cells, wind and
biomass, especially microbial fuel cells, as energy source for different electrochemical
technologies. Until now, solar photovoltaic cells have shown more advantages and attracted
the attention of most of the studies. Anyhow, these approaches are still under development and
are majorly applied to bench-scale systems. Under this perspective, treatment process that

apply lower electrical charges, such as this study, gains even more relevance.

Conclusions
From the results presented in this study, the following conclusions can be drawn:

e The electrochemical treatment with the use of DSA®-CI, anode was not efficient for the
degradation of PG, possibly leading to its polymerization. This process competes with
oxidation reactions, inhibiting the removal of organic carbon.

e The Mix treatment showed that even at a lower molecular concentration the oxidation of
an aromatic carboxylate compound was preferable over a small aliphatic alcohol. Also
showed the possible effect of MeP incorporation (or its oxidation products) into PG
oligomers, resulting in a positive effect on MeP removal from the solution. This may
represent a possibility for future studies involving the removal of toxic pollutant from water
by their copolymerization with other compounds.



459
460
461
462
463
464

465

466

467
468
469
470

471

472

473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

e The interfering effect of polymerization/copolymerization reactions decreased in acidic
medium, prevailing the oxidation and mineralization of the pollutants.

e Even applying low electrical charges, in the buffered medium, it was possible to achieve
100% removal of MeP in 60 min of treatment. Almost 40% of mineralization was attained
for the MeP-PG mixture (approximately 6 times better than in the unbuffered solution),

which is a result similar to some studies reported in the literature.
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