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ARTICLE INFO ABSTRACT

A novel coupling of a gas-diffusion electrode (GDE)-based electro-Fenton (EF) system, using Fe>* and Mo powder
as cocatalysts, is investigated. The proposed EF-Fe>*/Mo process enhanced the Fe3*/Fe?* cycle, ensuring the
rapid consumption of electrogenerated H2O,. This resulted in a greater ‘OH production from Fenton'’s reaction,
yielding a quick degradation of the p-blocker acebutolol selected as model organic pollutant. DSA anode yielded
complete but slightly slower drug removal as compared to BDD. The best operation conditions at pH 3.0 were:
0.5 mM Fe>" and 10 mg L~! Mo powder, applying a current density of 30 mA cm 2. Specific scavengers disclosed
the formation of ‘OH from Fenton’s reaction, along with O3 and 10, at the Mo surface. Surface analysis by SEM,
XRD, and XPS showed that the cycled Mo powder retained the same compact, porous, and rock-like structure as
the pristine one, revealing the presence of Mo, Mo‘”, Mo®" and Mo®* species, which included oxides like MoOy
and MoOs. DFT calculations allowed the optimization of the chemical structure of acebutolol and provided in-
formation about the electrostatic potential distribution and the HOMO/LUMO levels. From this, the sites prone to
nucleophilic and electrophilic attack from reactive oxygen species were elucidated, and a reaction sequence for
acebutolol degradation is finally proposed from the by-products detected by GC-MS.
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1. Introduction
Fe’t + e — Fe?t 3)

Over the last decade, the electro-Fenton (EF) process has been Advanced cathode materials with high selectivity, catalytic activity

recognized as one of the most popular electrochemical advanced
oxidation processes (EAOPs), owing to its outstanding ability to
generate highly oxidizing hydroxyl radicals (E°(OH/H0) = 2.8 V/
SHE), which can non-selectively degrade recalcitrant organic pollutants
[1-3]. A notable feature of the EF process is the continuous in situ pro-
duction of hydrogen peroxide (H205) via two-electron oxygen reduction
reaction (1). This enables a continuous flow of ‘OH generated from
Fenton’s reaction (2), which occurs in the presence of added Fe®* [4,5].
Furthermore, in EF systems, this ion can be efficiently regenerated via
cathodic reduction (reaction (3)), thus enhancing the process sustain-
ability [6]. The effective HyO, generation and Fe>™ regeneration become
pivotal factors to attain high degradation efficiencies in EF [7].

O + 2H' + 2e” > Hy0, @

Fe?t + HyOy + H' — Fe®* + "OH + H,0 2
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and stability are required for developing a powerful EF system for
organic pollutant removal. Carbonaceous materials characterized by
abundant active sites and heightened HyO; selectivity have been
established as prevalent cathode candidates in EF systems [8]. They
include carbon felt [9], hydrophobized carbons in the form of a gas-
diffusion electrode (GDE) [10], activated carbon fiber [11] and carbon
foam [12], among others. The submerged cathodes usually yield lower
Hy0, accumulation than GDEs, since the latter enhance both, mass
transport and electron transfer for O, reduction by establishing a stable
hydrophobic gas-liquid-solid three-phase interface [13,14], substan-
tially increasing the O, utilization efficiency [7]. The generated HoO>
can be readily activated by Fe?*, but the generated Fe3" in the solution
may undergo limited adsorption because of the hydrophobicity of GDE,
which can negatively affect the subsequent Fe?™ recycling. Note that
H0> can also potentially serve as an electron donor for Fe3* reduction
to Fe?" by reaction (4), producing the weaker hydroperoxyl radical
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(HO>), although the rate of that reaction significantly lags behind that of
Fe®" accumulation by reaction (2) [15]. Because of the occurrence of
two competing cathodic reactions (H,O, generation and Fe*' reduc-
tion), how to efficiently catalyze both of them simultaneously is an
important topic in the EF systems [16].

Fe3t + Hy0y — Fe?t + HO, + HT 4)

Several studies have validated that the Fe>* reduction could be
promoted through light irradiation [17] or ultrasound [18]. However,
additional energy consumption elevates the operation expenses and
hampers the practical application. The incorporation of chelating or
reducing agents has been alternatively explored, since these compounds
can act as electron donors to accelerate the Fe>* /Fe?" cycle [19]. Lietal.
[20] found that highly reducing hydroxylamine could complex with
Fe3* to yield Fe(NH,0H)3* species, with further conversion into Fe?*.
Other organic compounds such as ethylenediaminetetraacetic acid
(EDTA) [21], ethylenediamine-N,N’-disuccinic (EDDS) acid [22] and
ascorbic acid (AA) have been identified as effective agents for reducing
Fe3* [23]. However, these organic substances are also oxidized with
‘OH, diminishing the pollutant removal efficiency in EF [24], increasing
the chemical costs and potentially causing secondary pollution [19].
Hence, the development of catalysts capable of efficiently and durably
reducing Fe>* is a promising way to upgrade the EF process.

Recent studies have highlighted the effectiveness of heterogeneous
metal cocatalysts, as for example Mo-based materials such as MoS,
[25,26], MoO3 [27,28] and Mo powder [29,30], for Fe?* regeneration in
Fenton- and sulfate radical-based advanced oxidation processes (AOPs).
This is explained by the modifications of the electronic structure or ionic
valence state of the Mo active sites [31]. These materials are advanta-
geous due to the minimal usage, stable performance, and recyclability.
Mo** is considered as the singular catalytic active center in MoS, and
MoO; [26,28], whereas Mo powder presents surface EMOO, =Mo** and
=Mo" sites that stabilize the Fe>*/Fe?* cycle. Yi et al. [29] examined
the effectiveness of Mo powder in Fenton process, where HyO2 decom-
position rate increased from 23.1 % to 55.8 %. As can be seen in re-
actions (5)-(9) (E°(Fe3"|Fe?") = 0.77 Vv, E°(Mo®"|Mo*") = 0.65 V,
E%(0,|05) = 0.16 V, and E°(*0,|0%") = 0.20 V) [29,32,33], Mo powder
then promotes the generation of superoxide ion (O3 ) and singlet oxygen
(*0y) in a Fenton system. This not only yields a superior Fe?* regener-
ation, but also enriches the set of oxidizing species for enhanced
pollutant degradation. Obviously, the addition of Mo powder leads to
additional reagent cost; however, this material can be recycled by simple
separation, and then be further reused because of its abundant reactive
sites, leading to cost reduction as compared to other processes. To our
knowledge, the integration of Mo powder with GDE-based EF process
remains unexplored. Only Zhou et al. [34] explored such cocatalytic
system in EF, although employing a granular active carbon cathode with
very low Hy05 production as compared to GDE, and without discussing
the interaction between pollutants and reactive species.

Fe*t + =Mo? - Fe* + =Mo*" 5)
2Fe3t + =Mo*t — 2Fe?t + =Mo" 6)
Fe?t + 0y - Fe* 4+ 05 %)
Mo® + ‘OH — =Mo*" + OH~ ®)
=Mo®" + 05 — =Mo*" + !0, 9

The present article proposes, for the first time, the coupling of Mo
powder with a GDE-based EF system to enhance the Fe®*/Fe?" cycle. An
Fe(III) salt was used as the iron source, aiming to produce not only ‘OH
but also O3 and 102, being more suitable because of its lower industrial
cost and larger stability during storage. Also, the use of Fe(III) salt hel-
ped to demonstrate the sluggish Fe?/Fe®t cycle in EF system and
examine the enhancement originated from the use of Mo powder. The
B-blocker acebutolol was selected as drug pollutant, since it is frequently
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detected in wastewater treatment plants [35] and surface water [36].
The influence of the anode, current density (j), Mo dosage, and Fe>*
concentration on pollutant degradation in this novel EF-Fe>*/Mo pro-
cess was assessed. The stability and reusability of the Mo powder was
analyzed by conventional methods and the production of reactive spe-
cies was confirmed by specific quenching experiments. Based on this, the
interaction between the generated reactive species and acebutolol was
evaluated by density functional theory (DFT) calculations. Finally, the
by-products formed were detected and a reaction sequence for acebu-
tolol degradation is proposed.

2. Materials and methods
2.1. Chemicals

Commercial molybdenum powder (99.9 %, CAS: 7439-98-7, particle
size 2-4 pm) was purchased from Alfa-Aesar. Analytical grade acebu-
tolol hydrochloride (CAS: 34381-68-5), iron(IIl) perchlorate hydrate,
2,2,6,6-tetramethylpiperidine (TEMP), tert-butyl alcohol (TBA), p-ben-
zoquinone (p-BQ), ascorbic acid, 1,10-phenantroline and technical
grade titanium(IV) oxysulfate were purchased from Sigma-Aldrich.
HPLC grade acetonitrile and dichloromethane were supplied by Pan-
reac. Analytical grade anhydrous sodium sulfate, sulfuric acid, potas-
sium dihydrogen phosphate, acetic acid and sodium hydroxide were
purchased from Merck, Panreac and J.T. Baker. All solutions were pre-
pared with ultrapure water (18.2 MQ cm at 25 °C) from a Merck Milli-
pore Milli-Q system.

2.2. Electrolytic trials

The experiments were performed in an undivided jacketed glass cell.
Unless otherwise stated, 150 mL of solutions at pH 3.0 were treated at
25 °C keeping magnetic stirring at 700 rpm. The anode was a 3 cm? DSA
(DSA®-Cly) electrode purchased from NMT Electrodes (Pinetown, South
Africa) or a boron-doped diamond (BDD) from NeoCoat (La Chaud-de-
Fonds, Switzerland). The cathode was a 3 ¢cm? GDE purchased from
Sainergy Fuel Cell (Chennai, India) that was fed with 36 L h~! air for
H20; generation or 36 L h~! N, for quenching H50». In order to remove
the organic and inorganic impurities from the GDE surface, adsorbed
during its production and storage, a fresh cathode was activated before
first use. The surface activation was achieved by electrolyzing 150 mL of
0.050 M NaySO4 solution at pH 3.0 and 25 °C, employing a DSA plate as
the anode at j = 100 mA cm ™2 for 60 min. The distance between both
electrodes was 1 cm. All experiments were conducted in 0.050 M
NaySO4 solution as background electrolyte, and acebutolol was spiked at
a concentration of 0.046 mM to examine the oxidation efficiency of
different processes. Except for the experiments about the influence of
reagents dosage, 0.50 mM Fe>* and 10 mg L™! Mo powder were added
as catalysts to the solution prior to the electrolysis. The current was
supplied by an Amel 2051 potentiostat-galvanostat, coupled to a
Demestres 605 multimeter for cell voltage measurement.

2.3. Analytical methods

The solution pH was measured with a Crison GLP 22 pH-meter.
Before analysis, all the samples were filtered with Whatman 0.45 pm
PTFE syringe filters. The concentration of HyO2 was determined by
adding titanium(IV) oxysulfate to the aliquots and measuring the
absorbance of the generated complex by spectrophotometry at A = 408
nm using a Shimadzu UV-1800 spectrophotometer [37]. The corre-
sponding current efficiency (CE) for H,O2 accumulation was calculated
by Eq. (10) [13].

TlFC(HzOz)VS

CE(%) = T000M(H,0,)3 % (10)
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where n (= 2) is the stoichiometric number of electrons transferred for
oxygen reduction to HyO», F is the Faraday constant (96 487C mol_l), c
(H20o) is the concentration of accumulated HoOy (mg LD, Vs is the
volume of the treated solution (L), 1000 is a conversion factor, M(H505)
is the molecular weight of HyO5 (= 34 g mol™'), and Q is the charge
consumed during the electrolysis.

The same spectrophotometer was used for the determination of the
iron species The contents of dissolved Fe?>* were quantified from the
absorbance of its complex with 1,10-phenantroline at A = 508 nm,
whereas the concentration of total dissolved iron was monitored by
adding ascorbic acid into the sample to reduce all the iron species to
Fe®* [22]. The concentration of dissolved Mo ions was identified using a
5110VDV inductively coupled plasma optical emission spectrometer
(ICP-OES, Agilent, USA). The acebutolol concentration was determined
by reversed phase-high-performance liquid chromatography (HPLC)
using a Waters 600 LC coupled with a Waters 996 photodiode array ser
at A = 235 nm. The LC was equipped with a BDS Hypersil C18 6 pm (250
mm x 4.6 mm) column at 35 °C, using a 40:60 (v/v) acetonitrile/water
(10 mM KH,PO4 at pH 3.0) as mobile phase at 1.0 mL min~!. The
retention time for acebutolol was of 4.6 min. From the concentrations
determined in a given assay, their pseudo-first-order kinetic analysis was
performed using Eq. (11):

1n(%°) — Kt an

where cg and c account for the initial drug concentration and that at time
t (min) and k; is the pseudo-first-order rate constant (min~1). In all
cases, average values of duplicate experiments are given and their error
bars with a confidence interval of 95 % are shown in figures.

Gas chromatography-mass spectrometry (GC-MS) was used to
identify the primary generated organic products, after their extraction
with CHyCly (3 x 10 mL) followed by its volume reduction down to 1
mL. An Agilent Technologies system composed of a 7890A gas chro-
matograph equipped with a 5975C mass spectrometer in EI mode at 70
eV was used, equipped with a non-polar HP-5MS (30 m x 250 pm, 0.25
pm) or a polar HP-Innowax (60 m x 250 pm, 0.25 pm) column. The
detailed method for the GC-MS analysis has been described elsewhere
[38] and the mass spectra obtained were elucidated by comparison with
those reported in the NIST11 MS database.

2.4. Catalyst characterization

Mo powder collected after 120 min of EF treatment was washed with
water for 3 times, filtered through 0.22 pm PES membrane under vac-
uum and dried at room temperature for recycling and characterization,
as compared to pristine Mo powder. The surface morphology and
elemental distribution were observed by scanning electron microscopy
(SEM) using a Zeiss Gemini 300 microscope combined with energy
dispersive spectroscopy (EDS) using a Zeiss Smart EDX equipment. All
SEM images were recorded at a voltage of 20.0 kV. For EDS-mapping,
the acceleration voltage was 0.2-30 kV (10 V step variable). The
structural integrity was carried out using a Rigaku ultima IV multi-
functional XRD, operating at a scan voltage of 3 kV within the range of
10-80°.

X-ray photoelectron spectroscopy (XPS) analysis was performed on a
Thermo Scientific K-Alpha + spectrometer. It was equipped with a mono
Ka X-ray source (1486.6 eV) at an operation pressure of 5 x 10~° mbar.
The pass energy used for survey spectra was 150 eV, and 50 eV were
applied to obtain the high-resolution core-level spectra. All core lines
were corrected at C 1s (C-C) core line, assumed as 284.8 eV. Data were
processed with the Avantage software.

2.5. Theoretical calculation methods

All DFT calculations were carried out using the Gaussian 16 program
package [39]. The B3LYP [40,41] density functional method with the D3
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(BJ) dispersion correction [42] was always employed. The 6-31 g(d,p)
[43] basis set was used for the atoms in geometry optimizations using
the PCM model with water as the solvent [44]. Vibrational frequency
analyses at the same level of theory were performed to characterize
stationary points as local minima without any imaginary frequencies.
The condensed Fukui index from natural population analysis (NPA)
charge was used for predicting the reactive sites of electrophilic and
nucleophilic attack over acebutolol [45]. Detailed information about
condensed Fukui index is summarized in Text S1 of SI. Orbitals analysis
was accomplished with Multiwfn 3.8 (dev) [46] and VMD 1.9.3 software
[47].

3. Results and discussion
3.1. H,0, accumulation in the EF-Fe>* /Mo system

First, several assays were made with 150 mL of 0.050 M NaySO4
solution at pH 3.0 and 25 °C, at different contents of Mo powder and
Fe3" as cocatalysts. A cell equipped with a DSA and a GDE fed with 36 L
h~! 0, as anode and cathode, respectively, was employed at moderate j
= 30 mA ecm 2. Acidic pH was chosen because it is optimal for Fenton’s
reaction (2), and hence, to ensure a quick pollutant abatement [13]. The
acidic pH caused the dissolution of a small amount of oxide (i.e.,
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15+ —a— EO-H,0,/Mo ]
—w— EF-Fe3*
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Fig. 1. (a) Evolution of accumulated H,O, concentration and (b) corresponding
current efficiency during the electrolysis of 150 mL of 0.050 M Na,SO, solution
at pH 3.0 and 25 °C under optimum conditions (10 mg L™ Mo powder and/or
0.5 mM Fe®*"). EO, EO-H,0,, and EF processes were compared using an undi-
vided electrolytic cell equipped with a DSA and a GDE as the anode and
cathode, respectively, with an air flow rate of 36 L h~! and current density (j) of
30 mA cm ™2,
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detection of 0.05 mg L™' Mo) covering the catalyst surface, thus
enhancing the exposure of reactive sites. This also confirmed that Mo
powder was stable in acidic pH and the catalysis of Fe?*/Fe3* cycle
mainly took place on Mo surface rather than in solution. Since the lowest
H,0, accumulation was obtained by adding 10 mg L' of Mo powder
and 0.5 mM of Fe®* (data not shown), these catalyst concentrations were
fixed for subsequent trials.

Fig. 1 shows that the best HyO, accumulation was achieved in
electrochemical oxidation (EO) with electrogenerated H2O,, in the
absence and presence of 10 mg L™} Mo powder. In both cases, a gradual
increase in the HyO» concentration can be observed, attaining up to 16.5
mM at 120 min. When 0.5 mM Fe>" was added to the drug solution
without Mo powder, the occurrence of EF-like process yielded a slightly
slower HyO, accumulation, achieving a lower concentration of 12.8 mM
due to the oxidation of this oxidant according to reaction (4), with an
expected low rate [15]. Conversely, in an analogous experiment but in
the presence of Mo powder (= 10 mg L™1), a dramatic H,0, decay down
to 4.3 mM can be observed, which can be attributed to the large gen-
eration of Fe?t from reactions (5) and (6) that largely decomposes the
H»0; via Fenton’s reaction (2). This finding makes evident that the EF-
Fe3*/Mo process is able to generate strong oxidants that may serve to
destroy organic pollutants.

Fig. 1b depicts the change of the current efficiency for HyO2 accu-
mulation with electrolysis time for the above assays. As can be seen, high
CE values were obtained for the two EO-H30 processes (i.e., without
and with Mo powder) starting from 86-89 % and slightly dropping down
to 73-74 % at 120 min. This decay can be ascribed to the anodic
oxidation of HyO3 at the DSA surface by reaction (12) [1]:

DSA + Hy05 — DSA(HOS) + e~ + H" 12)

In the EF-Fe>" process, a similar trend occurred with a CE drop from
77 % down to 57 %. A different behavior can be observed for the EF-
Fe3*/Mo one, because a maximum CE of only 22 % was obtained at 90
min, finally dropping to 19 % at 120 min. This trend suggests a fast
oxidation of the low contents of the initially generated HoO2 under the
action of reaction (2), which progressively diminished with raising H,O»
content until its maximum CE value was reached. At longer times, it is
also removed by reaction (5), thus slowly decreasing the CE to 19 %,

3.2. Evolution of Fe?*

The ability of the EF-Fe3* /Mo system to produce and consume Fe?*
was assessed with the above contents of both co-catalysts. First, the
accumulated Fe?* concentration was measured in a chemical experi-
ment, in which a suspension containing 10 mg L™! Mo powder and 0.5
mM Fe®" was simply stirred without applied current. Fig. 2a shows a
continuous increase in Fe>t content up to 22 mg L! (0.39 mM) at 120
min, evidencing the high rate of reactions (5) and (6) to generate this ion
in the absence of Hy0,. The subsequent assay was made in the EO-Fe3*/
Mo system, combining DSA with a GDE fed with N5 gas to prevent H,O5
generation. In that case, a maximum Fe?* concentration of 12 mg L™}
(0.21 mM) was rapidly achieved in 10-15 min of electrolysis, where-
upon it progressively decayed down to a steady value of 3.5 mg L™*
(0.062 mM) from 75 min. The initially fast Fe®** accumulation caused by
reactions (5) and (6) decayed due to the electrochemical oxidation of
Fe?* to Fe®* at the DSA surface from reaction (13) [13], finally reaching
a stationary state when the rate of production and destruction of the ion
became equal. Other systems like EO-Fe>*, EF-Fe>* and EF-Fe®/Mo
yielded much lower steady Fe?™ concentration, as shown in Fig. 2b. A
similar steady content of 0.10 mg L1 (0.002 mM) was found for the two
former processes with only Fe3', informing about a similar poor
reduction of this ion to Fe?' at the GDE cathode via reaction (3). In
contrast, when the Mo powder was present, the EF-Fe*>t/Mo generated
more efficiently the Fe?*, giving rise to a steady concentration of 0.60
mg L~! (0.012 mM) as result of the more balanced generation (from
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Fig. 2. Evolution of (a,b) Fe®" and (c) total dissolved Fe concentrations when
treating 150 mL of 0.050 M Na,SO,4 solution with 0.5 mM Fe3*, in the absence
and presence of 10 mg L™' Mo powder: @ Fe*+Mo, O Fe3*, (@ Eo-
Fe**/Mo, ([(]) EO-Fe**, (A) EF-Fe*"/Mo and (/\) EF-Fe**. An undivided
electrolytic cell with a DSA and a GDE as the anode and cathode, respectively,
was employed at j = 10 mA cm™2. The GDE cathode was fed with 36 L h~! of N,
(in EO) or air (in EF).

reactions (5) and (6)) and disappearance (from Fenton’s reaction (2) and
reactions (7) and (13)). This result evidences that this system is able to
maintain a Fe?™ concentration, presumably high enough to form the
largest amounts of oxidants (OH, Oz and 102) for organic pollutant
removal.

Fe?t - Fe®t 4+ e~ 13)

The solubility of iron ions in the above assays carried out at pH 3.0
was also determined. Fig. 2c highlights that the initial iron concentra-
tion of 28 mg L™! (0.5 mM) did not vary significantly in all trials, which
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Fig. 3. Effect of applied current density on (a) normalized drug concentration decay vs. time and (b) corresponding pseudo-first-order kinetic analysis for the
EF-Fe3*/Mo treatments of 150 mL of 0.046 mM acebutolol + 0.050 M Na,SO4 solution at pH 3.0, and 25 °C, with 0.5 mM Fe* in the presence of 10 mg L' Mo

powder and DSA.

Table 1

Apparent pseudo-first-order rate constants and corresponding square regression
coefficients obtained for the EF-Fe>*/Mo treatment of 0.046 mM acebutolol +
0.050 M Na,SO4 solution at pH 3.0 under different experimental conditions.

Anode j (mA [Mo] (mg  [Fe3'] Scavenger k (1072 R?
cm™?) Lh (mM) min~")
BDD 30 — 0.5 — 3.55 0.998
10 0.5 — 7.53 0.992
DSA 10 10 0.5 — 2.32 0.996
30 — — — 0.40° 0.986 *
— 0.5 — 1.32 0.953
5 0.5 — 291 0.976
10 0.1 — 0.83 0.995
0.25 — 1.40 0.997
0.5 — 4.46" 0.993"
— 4.56¢ 0.981°¢
— 4371 0.991 ¢
5 mM TEMP 1.03 0.969
10 mM TEMP 0.85 0.995
5 mM TBA 0.55 0.964
10 mM TBA 0.57 0.976
5 mM p-BQ 2.10 0.925
10mMp-BQ  1.23 0.965
30 0.1 — 0.97 0.989
60 10 0.5 — 3.31 0.998
2 EO-H,0; process.
b 1st cycle.
¢ 2nd cycle.
4 3rd cycle.

means that Fe>" and Fe* do not precipitate under the experimental
conditions tested. A good stability of the novel EF-Fe>*/Mo can thus be
inferred.

3.3. Effect of operation variables over acebutolol degradation

First, the effect of the anode on acebutolol degradation was assessed,
as explained in Text S2. On the other hand, the current density is a more
relevant and crucial parameter to improve the performance of the EF-
Fe3"/Mo treatment because it modulates the generation of oxidants. The
effect of this operation variable was studied for 150 mL of 0.046 mM
acebutolol + 0.050 M NaSO4 solution with 10 mg L' Mo powder and
0.5 mM Fe3*, at pH 3.0 and 25 °C, using a DSA/GDE cell under the
application of j-values between 10 and 60 mA cm™2. Fig. 3a highlights
an enhanced drug decay with raising j from 10 to 30 mA cm ™2, as result
of the increase in rate of the electrode reactions (1) and (14) that
enhance the formation of HyO, and DSA('OH) and, in turn, "OH from
Fenton’s reaction (2). However, further rise of j to 60 mA cm 2 inhibited
the acebutolol abatement (see Fig. 3a). This apparently surprising

behavior can be ascribed to the larger acceleration of the parasitic re-
actions that cause the destruction of the generated oxidizing agents.
Reaction (7) that occurs between Fe>* and "OH is an example of such
reactions. Other examples include the destruction of HyO5 by "OH via
reaction (15) and the dimerization of the latter radical to H,O- from
reaction (16) [4]. Fig. 3b shows the excellent linear correlations ob-
tained for the above assays assuming a pseudo-first-order kinetic model.
As expected, the greatest k; = 0.0446 min~! was determined at j = 30
mA cm ™2 (see Table 1). It is noticeable that the k;-value only grew 1.92
times when j became 3-fold higher (from 10 to 30 mA cm~2), suggesting
a deceleration of acebutolol removal due to the enhancement of para-
sitic reactions (7), (15) and (16).

DSA + Hy0 — DSA(COH) + e~ + H' a4
H505 + 'OH —» HO; + H,O (15)
2'OH g H202 (16)

The influence of Mo powder and Fe>* dosages on acebutolol degra-
dation profile was further examined using 150 mL of 0.046 mM drug +
0.050 M NaySO4 solution at pH 3.0 and 25 °C, at the optimum j of 30 mA
cm 2. Fig. 4a illustrates the influence of Mo content at a fixed Fe>*
concentration (= 0.5 mM), showing an improvement in the decay of the
normalized drug concentration as the Mo powder content was increased
from 5 to 10 mg L L. In good agreement, k; rose from 0.0291 to 0.446
min~! (see Table 1). This can be related to the acceleration of reactions
(5) and (6), with higher production of Fe?>* and, consequently, promo-
tion of ‘'OH generation from Fenton’s reaction (2). However, when the
Mo powder dosage was risen from 10 to 30 mg L™}, a dramatic decel-
eration of the degradation was observed (Fig. 4a), with a high drop of k;
to 0.0097 min ! because of the larger enhancement of parasitic re-
actions like (7), (15) and (16). It can be concluded that the concentration
of 10 mg L™ Mo powder was the optimal for this treatment. When the
initial Fe>* content grew from 0 to 0.5 mM at such optimum Mo powder
dosage, a gradual rise in the acebutolol abatement (Fig. 4b) with a strong
increase of k; (see Table 1) was found, owing to the progressive accel-
eration of reactions (4), (5), and (6) yielding more Fe®** and hence, "'OH.
Total drug removal was achieved at 120 min using the highest Fe3*
concentration.

All the above findings allow concluding that the best treatment
conditions are: 10 mg L™ Mo powder and 0.5 mM Fe>*. Under these
conditions, the reusability of the Mo powder was assessed using the
same cocatalyst in three consecutive cycles. Fig. 4c highlights the same
drug decay trend in these assays, with total degradation in 120 min.
Similar k;-values, which varied between 0.0436 and 0.0457 min !, were
determined as well (see Table 1). Consequently, the Mo powder was
stable and reusable in the EF-Fe>*/Mo process.
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Fig. 4. Effect of (a) Mo powder and (b) Fe®*concentrations over the time
course of the normalized acebutolol concentration. The suspensions were
treated by EF-Fe*"/Mo process with DSA (see Fig. 3a). (c) Reusability tests,
showing the performance in consecutive cycles with 0.5 mM Fe>" and 10 mg
L~! Mo.

3.4. Effect of scavengers

The production of oxidizing agents in the EF-Fe>*/Mo process was
confirmed by the addition of specific scavengers before performing the
acebutolol electrolysis. Concentrations of 5 and 10 mM of either TBA for
quenching ‘OH, p-BQ for scavenging O35 or TEMP to complex 10, were
employed to avoid their contribution to oxidation. Fig. 5a depicts that
both TBA contents caused a large final inhibition (60 %) of the drug
abatement, with a k; decay down to 0.0056 min~! (see Table 1),
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Fig. 5. Effect of (a) TBA, (b) p-BQ and (c) TEMP contents on the change of the
normalized acebutolol concentration with time. The suspensions were treated
by EF-Fe®>*/Mo process with DSA (see Fig. 3a).

whereas Fig. 5b shows that 5 mM p-BQ only led to a small deceleration
(22 % drug decay reduction) with k; = 0.0210 min~! ; the use of 10 mM
p-BQ increased the inhibition to 32 %, with k; = 0.0123 min~ L. These
results suggest a modest role of O3 as compared to "OH for drug
removal. On the other hand, Fig. 5c reveals the inhibition of up to 48 %
(k1 = 0.0103 min_l) using 5 mM TEMP, growing to 57 % (k; = 0.0085
min~!) at 10 mM TEMP. This means that 10, also plays an important
oxidation role, which seems slightly inferior to that "OH but much su-
perior to that of O3 .
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3.5. Characterization of the pristine and cycled Mo powder

SEM analysis was conducted to examine the microstructure of both
fresh and cycled Mo powder. The micrographies obtained, along with
the elemental mapping results, are presented in Fig. 6. The low magni-
fication images (Fig. 6a-c) demonstrate that, after three consecutive EF-
Fe3* /Mo trials, the Mo powder retained a compact, rock-like structure.
Generally, the particle size of the Mo catalyst was within the micron
scale, ranging from 0.5 to 4.0 pm. No clear difference can be observed
between the new and cycled Mo catalysts, which partially denotes its
robustness. The corresponding high magnification images (Fig. 6a’-c’)
distinctly revealed the presence of a porous structure on the surface of
the Mo powder, providing a larger specific surface area. This enhance-
ment could be responsible for ameliorating the exposure of active site,
thereby facilitating the occurrence of surface reactions in aqueous me-
dium [48]. Hence, this would accelerate the electron transfer during the
EF-Fe*t/Mo treatment. EDS mapping results of Fig. 6a’-c’” illustrate the
elemental distribution on the Mo surface, confirming the prevalence of
Mo, along with a small amount of O. The absence of other elements
suggests that the dissolved ions and molecules did not precipitate on the
Mo surface, ensuring the exposure of a sufficient number of active sites
for catalyzing the heterogeneous reactions.

The elemental analysis revealed that the percentage of Mo was
initially low in the pristine Mo powder (51 %), but increased to 73 % and
72 % after the 1st and 3rd cycles, respectively. The relatively low initial
Mo content can be attributed to the formation of molybdenum oxide
when commercial Mo powder is continuously exposed to air. This oxide
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layer can be dissolved during the EF-Fe>*/Mo treatments at pH 3.0,
where 0.05 mg L™! Mo can be detected in solution after 120 min elec-
trolysis, confirming the good stability of the Mo powder. The composi-
tional changes were further confirmed by the XRD analysis of fresh and
cycled Mo powder, as depicted in Fig. 7. By comparing with standards,
three typical Mo-containing species were identified: three characteristic
peaks at 40.5°, 58.6°, and 73.7° were attributed to Mo (PDF#42-1120)
[49], whereas shoulder peaks at 40.6°, 58.8°, and 73.9° suggested the
presence of MoO3 (PDF#47-1320), and two peaks at 36.5° and 65.7°
were assigned to MoOy (PDF#50-0739). It is evident that the Mo®
species, showing the highest peak intensity, predominated on the cata-
lyst surface, whereas the intensities of MoO3 and MoO; became weaker
in cycled Mo powder. This observation indicates that the oxide layer was
not stable during the electrolysis, resulting in increased Mo content and
enhanced Mo exposure upon reuse. Considering the good reducing
ability of Mo, a rise in active sites is expected to facilitate the Fe>t/Fe?*
cycle and the generation of ROS in the EF-Fe/Mo process.

XPS analysis was employed to elucidate the heterogeneous catalytic
mechanism, based on the surface chemical environment and, more in
particular, focusing on the evolution of Mo valence states present on the
cocatalyst surface. Fig. 8 shows the deconvolution of the Mo 3d peak,
evidencing contributions from Mo?, Mo**, Mo®" and Mo®" orbitals. The
relative content of Mo with different valence states for the fresh and
cycled powder is summarized in Table 2. Interestingly, the two cycled
Mo samples revealed a similar distribution pattern, which markedly
differs from that of the fresh Mo powder. This change in valence proves
the involvement of Mo surface in the reaction mechanism of electro-

Fig. 6. SEM images of Mo powder: (a,a’) Pristine, (b,b’) after 1st cycle and (c,c’) after 3rd cycle, analyzed at (a,b,c) low and (a’,b’,¢’) high magnification. (a”’,b>’,c’")
Corresponding elemental mapping images showing Mo (green or blue) and O (red). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 7. XRD pattern of pristine and used Mo powder (Standard cards:
PDF#42-1120 for Mo, PDF#50-0739 for MoO,, PDF#47-1320 for MoOs3).

Fenton process, accounting for the accelerated electron transfer during
FeZ" regeneration. It is noteworthy that the EF-Fe>*/Mo process dem-
onstrates superior HpOy accumulation owing to the triple phase
boundary (i.e., gas-liquid-solid) of the GDE [50], which facilitates the
rapid Fe>" generation through Fenton’s reaction (2). Consequently, Mo®
and Mo*" serve as the reductive reaction sites on the catalyst surface,
efficiently adsorbing Fe>" in the aqueous medium and donating elec-
trons to ensure the Fe®™ recycling via reactions (5) and (6) [29]. In
addition, Fe?" regeneration may also yield Mo®" by reactions (17) and
(18), which can be further reduced to Mo*t by Mo sites (reaction (19))
[30]. This behavior explains the decrease in Mo in cycled Mo compared
with fresh Mo powder. Moreover, the relative content of Mo®* also
underwent an obvious decay, which can be attributed to the dissolution
of the oxide layer and the occurrence of a series of redox reactions such
as reaction (9). Therefore, an increase in the percentage of Mo** on the
catalyst surface can be expected, ensuring sustainable heterogeneous
catalysis on the Mo surface. The change in the valence states of Mo ions
not only accelerates Fe?* regeneration but also regulates the predomi-
nant ROS in advanced oxidation processes. For example, when intro-
ducing Mo to the Fenton [29] and electro-Fenton [34] systems, the
contribution of O3 and 'O, was reported to be superior to that of ‘OH.
This can be due to an insufficient HyO5 supply that limits ‘OH produc-
tion, which may be consumed by exposed Mo sites. At the same time,
Mo®" on the catalyst surface facilitates the transformation of O3 into
102 (reaction (9)), whose significant contribution to acebutolol degra-
dation was revealed. The situation is different when a GDE is used,
where enhanced H,0; production guarantees the occurrence of Fenton’s
reaction. Hence, "OH, O3 and 'O, play important roles in the EF-Fe3t/
Mo treatment, as confirmed above by quenching tests.

5Fe®* + =Mo® — 5Fe?" + =Mo>" a7
Fe*t + =Mo*t — Fe?*" + =Mo°t (18)
=Mo°" + =Mo? - =Mo** 19)

3.6. DFT calculations

To investigate the relationship between the electronic structure and
the sites susceptible to the attack of oxidants, DFT calculations were
performed, since this allows the analysis of the acebutolol molecule at
the atomic level. The optimized chemical structure, electrostatic po-
tential (ESP) distribution, highest occupied molecular orbital (HOMO),
and lowest unoccupied molecular orbital (LUMO) are summarized in
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Fig. 8. High resolution XPS spectra of Mo powder showing Mo 3d: (a) Pristine,
(b) after 1st cycle and (c) after 3rd cycle.

Fig. 9a-d, respectively. In general, ‘'OH and 10, are identified as elec-
trophiles in AOPs [51,52], making them more likely to attack sites that
can readily lose electrons. In contrast, O3 can act as both, an electro-
phile and a nucleophile, since its HOMO and LUMO are degenerated
[53]. Compared with the conventional electro-Fenton process, EF-Fe>*/
Mo enriches the supply of functional ROS. The ESP distribution on the
van der Waals surface (Fig. 9b) suggests that the atoms with more
negative ESP can be considered as electron-rich regions, whereas

Table 2

Percentage of different valence states of surface Mo in different Mo powders.
Valence state 0 4+ 5+ 6+
Pristine Mo 28.8 6.8 11.1 53.4
After 1st cycle 13.2 24.0 19.0 43.8
After 3rd cycle 8.8 22.7 26.2 42.3
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Fig. 9. (a) Chemical structure, (b) electrostatic potential (ESP) distribution, (c) highest occupied molecular orbital (HOMO) and (d) lowest unoccupied molecular
orbital (LUMO) calculated for acebutolol. In (¢) and (d), green and blue color account for the positive and negative phase, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Reactive sites of acebutolol for (a) nucleophilic attack and (b) elec-

trophilic attack, as predicted by condensed Fukui indexes (f © and f 7).

electron-deficient regions are associated to atoms with more positive
ESP, tending to attract nucleophiles [54]. Fig. 9c depicts that the HOMO
of acebutolol is mainly distributed on the benzene ring and adjacent
atoms, which are favorable to attract electrophiles like ‘OH, O3 and 10,.

The corresponding LUMO described in Fig. 9d suggests that these atoms
tend to attract nucleophiles [55].

To further interpret the ESP results and examine the reactivity of
specific atoms, the condensed Fukui indexes (f” and f) were calculated
based on the natural population analysis (NPA) charge distribution, and
the results are presented in Fig. 10 and Table S1. The results of Fig. 10a
demonstrate that atoms with high f* values such as C22 (f" = 0.189),
024 (f" = 0.153), C3 (f* = 0.139), and C5 (f" = 0.088) are readily
receiving electrons. Considering that these atoms also exhibit relatively
high positive ESP, they can be confirmed as the predominant reactive
sites for nucleophilic attack. Note that C22 and 024 are saturated sites,
and the C=0 bond exhibits high energy resulting from n — n* interac-
tion [56], making it less susceptible to attack by electrophiles like ‘OH.
This points out the importance of introducing O3 in EF system, since it
facilitates the generation of a series of intermediates originated from the
attack on ‘OH-resistant C22 and 024 sites. The predominant sites for
electrophilic attack with high f~ values are N11 (f" = 0.150), C1 (f =
0.098), N16 (f = 0.090), C4 (f = 0.075), and 021 (f" = 0.075). Since
C1, C4, and 021 are saturated atoms, N11 and N16 are more vulnerable
to the attack of electrophiles like ‘OH, O3 and 102.

3.7. Detection of by-products and proposal of a reaction sequence for
acebutolol degradation

Several trials were performed with 150 mL of 0.046 mM acebutolol
(1) 4 0.050 M NaySO4 solution with 10 mg L™ Mo powder and 0.50 mM
Fe®!, at pH 3.0, 25 °C and j = 30 mA cm 2 GC-MS analysis of the
suspensions collected after 90 and 150 min of electrolysis revealed the
formation of 10 benzenic and 4 N-aliphatic by-products, whose name,
molecular formula, m/z value, chemical formula, and retention time are
listed in Table S2. From these compounds, the reaction sequence for
acebutolol degradation is proposed in Fig. 11, in which "OH, O3 and 10,
act as oxidizing agents. As confirmed by DFT calculations, the benzene
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Fig. 11. Reaction sequence proposed for the degradation of acebutolol (1) by
the EF-Fe®*/Mo treatment.

ring and adjacent atoms are main reactive sites for nucleophilic or
electrophilic attack. GC-MS results suggest that the initial cleavage at
C22 (nucleophilic attack) and N16 sites (electrophilic attack) on the
lateral groups of 1 yields the benzenic derivatives 2, 3, 7 and 10. Further
electrophilic oxidation of 2 and 3 yields ethylbenzene 4, which un-
dergoes conservative nucleophilic attack to produce toluene 5, thereby
being transformed into benzoic acid 6. The oxidation mainly takes place
on C22 and N16, predominant reaction sites for nucleophilic and elec-
trophilic attacks, respectively. Similarly, oxidation on C22 and N16 sites
on 7 leads to its carboxylation to 8, which is subsequently hydroxylated
with loss of the lateral methylamino to form 2,5-dihydroxybenzoic acid
9. This later compound can also be formed by hydroxylation of 6. On the
other hand, compound 10 loses the lateral ethylamino group to originate
ethoxybenzene 11, resulting from the electrophilic attack on N16 site.
The cleavage of the lateral amino groups of 1 lead to a mixture of N-
aliphatic compounds (12-14), where the two former are oxidized to
acetamide (15).

4. Conclusions

It has been shown that the EF-Fe3*/Mo process accelerates the
regeneration of Fe?* from Fe>*, which largely enhances the production
of ‘'OH as the GDE ensures the continuous generation of HyO- at high
concentration. This results in a quick degradation of the p-blocker ace-
butolol. Although BDD anode yields a more rapid removal of the drug, a
less expensive anode like DSA is also effective to achieve total drug
degradation in this new system. The best conditions to operate at pH 3.0
were: 10 mg L1 Mo powder and 0.5 mM Fe>", with applied j of 30 mA
cm 2. Higher amount of Mo powder and greater j were inhibitory due to
the promotion of parasitic reactions. The use of specific scavengers of
oxidants revealed the formation of ‘OH as well as 05 and 'O, SEM
analysis showed that the cycled Mo powder retained the original
structure. Surface analysis of the Mo cocatalyst disclosed the presence of
oxides (MoOy and MoOs), whereas the changes in the distribution of
valence states (Mo®, Mo**, Mo®" and Mo®") demonstrated the contri-
bution of Mo powder in the reaction mechanism of EF process. DFT
analysis allowed the identification of the main sites in acebutolol sus-
ceptible to the nucleophilic and electrophilic attack of ROS. From the 10
benzenic and 4 N-aliphatic by-products detected by GC-MS, a reaction
sequence for acebutolol degradation is finally proposed.
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