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Abstract

In this work, the experimental characterization of a rotating cylinder electrode (RCE) reactor
employed for the complete degradation of the antibiotic ampicillin (AMP) by photoelectro-
Fenton (PEF) process has been addressed for the first time. Once produced from water
oxidation at six Ti|lrO2 anodic plates, O, was quickly transported by forced convection
toward the central RCE, which consisted of a 316 stainless-steel cylinder covered with a (C-
PTFE)-coated carbon cloth, thus ensuring the continuous production of H.O> from the two-
electron Oz reduction reaction (ORR). The accumulated H>O. reached a concentration of
83.3 mg L! H,0, after 60 min in a 50 mM Na,SO4 solution at pH 3, operating at an RCE
peripheral velocity U = 79.6 cm s and fixed cathodic potential Ecan = —0.45 V vs. SHE.
Furthermore, the optimum PEF conditions led to the complete destruction of 10 mg Lt AMP
in only 10 min upon addition of 0.4 mM Fe?* as catalyst under UVA light irradiation, with a
low electrolytic energy consumption of 0.211 kWh (g TOC)™. In addition, the evolution of
final carboxylic acids and inorganic ions over the electrolysis time was monitored by
chromatographic and spectrophotometric techniques. PEF treatment clearly outperformed
the anodic oxidation with H>O2 and the electro-Fenton (EF) processes, which opens the door
to a sustainable and powerful electrochemical technology with no need for an air compressor

for H20, production and viable under limitless sunlight irradiation.

Keywords: Antibiotic residues; Electrochemical advanced oxidation processes; Hydrogen

peroxide electrosynthesis; Oxygen reduction reaction; RCE reactor; Water treatment
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1. Introduction

Antibiotics are one of humankind’s greatest inventions, decisively contributing to
increase both the lifespan and the quality of life by confronting lethal bacterial diseases [1].
However, the ever-growing demand and consumption of these pharmaceuticals have caused
their uncontrolled discharge into water bodies, causing negative environmental impact [2,3].
Many countries have reported the presence of antibiotics in wastewater treatment plants
(WWTPs) and surface water, at concentrations ranging from ng L™ to pg L™ [4-7].

Despite the low concentrations of these pollutants in the environment, some studies have
shown their potential toxicity to aquatic organisms [3,8,9]. Furthermore, the worrisome
expansion of antibiotic-resistant bacteria and genes poses a global health menace that must
be considered a top-priority problem to be solved, as it endangers future wellness around the
globe [3,8,9]. The prolonged presence of antibiotic residues with water empowers the
pathogens [2,10-12], being urgent to develop more efficient strategies for the fast removal of
these chemicals from wastewater [2,3,10,11,13,14].

In the last decade, the electrochemical advanced oxidation processes (EAOPSs) have
emerged as one of the most powerful approaches to eliminate pharmaceuticals from water
[1,15-17]. EAOPs offer crucial advantages as compared to more conventional oxidation
processes, as for example the in-situ generation of chemicals needed to carry out the reactions
by easily modulating the electrolysis conditions [18,19]. The great performance of EAOPS
arises from the generation of highly oxidizing agents, e.g., the hydroxyl radical (*OH), either
directly on the anode surface (M) from water oxidation (reaction (1)) or indirectly through
the electrosynthesis of chemicals that can be further activated to yield homogeneous *OH in

the bulk solution [15,20]. In indirect EAOPs, the oxygen reduction reaction (ORR) occurs
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through a two-electron pathway (reaction (2)) that yields H20O. with high faradaic efficiency

when carbonaceous cathodes are employed [20,21].

H,0+M > M( ‘OH) + H" + e~ (1)
0, + 2H* + 2e~ - H,0, (2)

The electro-Fenton (EF) process is the paradigm of indirect EAOPs, since H20:
continuously electrogenerated from reaction (2) is immediately decomposed by a metal
catalyst to yield *OH via reaction (3), thereby being feasible to attain a fast scission of the
backbone of organic molecules [21-23]. Additionally, the reduced form of the catalyst can
be cathodically regenerated (reaction (4)), which is fundamental to sustain the °*OH
production [1]. Moreover, the irradiation with UVA light in the so-called photoelectro-
Fenton (PEF) process promotes the photoreduction of photosensitive refractory Fe(lll)-
organic complexes (reaction (5)) and Fe(l11)-hydroxocomplexes (reaction (6)) formed along

the treatment, thereby feeding the Fenton’s reaction (3) continuously [24-27].

H,0, + Fe?* — Fe3* + "OH + OH~ 3)
Fe3t + e~ - Fe??t (4)
[Fe(OOCR)]?** + hv — Fe?* + CO, + R° (5)
[Fe(OH)]?** + hv - Fe?* + °OH (6)

The H.O; electrosynthesis is the most distinct feature of EF and PEF processes, as a
sufficiently high H>O> concentration ensures a good degradation performance. It is well
established that the ORR is very efficient with carbonaceous materials assembled in gas-
diffusion electrodes (GDEs) [28-32]. Nevertheless, the GDE configuration compels the use
of an air compressor to fulfill the O, demand needed to carry out the ORR, which increases

the energy consumption of the process.
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On the other hand, the contribution of the anode material in EF and PEF to the
elimination of pollutants is usually modest, since homogeneous *OH generated through
Fenton’s reaction (3) is much more abundant, available and reactive than the M(*OH)
confined at the anode surface (reaction (1)) [33,34]. Most cell configurations for these
applications are assembled using active anodes that favor the oxygen evolution reaction
(OER, reaction (7)), being typically considered a detrimental reaction. Nonetheless, a well-
designed electrochemical reactor can convert the electrolytic O> into a valuable resource to

produce H20, from reaction (2), avoiding the use of an air compressor [35-37].

2H,0 - 0, + 4H* + 4e" (7)

One of our latest articles served as proof of concept of the advantageous interplay
between OER and mass transport enhancement. The forced convection of dissolved anodic
O2 was characterized in terms of H>O. accumulation from ORR at a rotating cylinder
electrode (RCE) reactor operated in batch mode [38]. A plateau attributed to the mass-
transport controlled H>O> generation was identified at a cathodic potential of -0.65 < Ecath <
-0.3 V vs. SHE. From this, potentiostatic trials were conducted to attain up to 5.2 mM H,Og,
but no application to water treatment was developed.

To further expand the technologically relevant idea of self-sustained H20:
electrosynthesis within the context of EAOPSs, the use of a reactor equipped with a central
carbon cloth-coated stainless-steel rotating cylinder to produce H>O. via anodically-
generated O and further eliminate the antibiotic ampicillin (AMP) by PEF process in batch
mode is shown for the first time. The influence of key parameters, including the added Fe?*
and drug concentrations and the RCE peripheral velocity (U), on the antibiotic degradation

was systematically analyzed. Bulk electrolytic trials were performed at Ecan = -0.45 V vs.
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SHE to ensure that the ORR was controlled by mass transport. The evolution of final

products, such as carboxylic acids and inorganic ions, was monitored during the trials.

2. Material and methods

2.1 Chemicals

Ampicillin (C16H19N304S; CAS No.: 69-53-4; molecular weight: 349.40 g mol™*; purity
> 96%) was supplied by Sigma-Aldrich (see structure in Fig. 1). Analytical grade Na>SO4
(purity > 99%) employed as supporting electrolyte was obtained from Karal, whereas
concentrated H,SO4 solution (Reag. Ph. Eur., 96%) required for initial pH adjustment was
purchased from PanReac AppliChem ITW Reagents. Other chemicals for analytical
determinations were supplied by Sigma-Aldrich. Solutions to carry out the analyses and
electrolytic trials were prepared with double-distilled water. Reagents needed for the mobile

phase and organic solvents were of high-performance liquid chromatography (HPLC) grade.

2.2 Experimental set-up

The isometric view of the RCE reactor is depicted in Fig. 2a. This system consisted of a
glass beaker (inner diameter of 8.3 cm and height of 11.0 cm) filled with 500 mL of solution
in each assay to be operated in batch mode. A rotating AISI 316 stainless-steel cylinder with
dimensions of 3.8 cm (diameter) x 11.0 cm (length), resulting in an exposed surface area of
120 cm?, was placed in the center of the beaker, once tightly covered with commercial C-
PTFE-coated carbon cloth (Sainergy). On the other hand, six Ti 110, plates with dimensions
of 13.0 cm (length) x 2.0 cm (width) x 0.3 cm (thickness), resulting in a geometric area of
120 cm? in contact with the solution, were placed as the anodes concentrically with one of
their sides supported on the internal wall of the beaker. The anodes, which were

manufactured by the Pechini method as described previously [39], were fastened with screws,

6
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giving rise to the arrangement depicted in the zenithal view of Fig. 2b. An electric motor
from IKA (model RW 20) with 0.11 hp of power served to rotate the central coated cylinder.
In each given trial, the cathode potential (Ecarn) Was kept constant by connecting the working
RCE to a saturated mercury/mercurous sulfate reference electrode that was placed in the gap
between the central cathode and one of the anodes. In this manuscript, all the electrode
potentials have been converted to be referred to the standard hydrogen potential (SHE). In
Fig. 2a, also note that the experimental set-up included a 6-W fluorescent black light blue
tube from Philips, employed as UVA lamp (Amax = 360 nm) in the PEF process. The
experiments were always carried out in a black box, aiming to avoid the impact of
environmental radiation when the electrolytic trials were performed with the UVA lamp

turned off.

2.3 Bulk electrolytic trials in the RCE

In all the experiments, a constant Ecath = — 0.45 V vs. SHE was ensured by means of an
SP 150 potentiostat-galvanostat, which was coupled to an external booster VMP3B-10 from
BioLogic. The EC-Lab® software was employed to monitor the potential during the assays.
It must be mentioned that this specific potential value was chosen to keep the ORR (reaction
(2)) under mass transport control, on the basis of our recent investigation that demonstrated
the existence of a plateau attributed to this reaction within the range -0.65 < Ecah <-0.35 V
vs. SHE [38].

The accumulation of H>O> was carried out in the electrochemical system described in
subsection 2.1. For this study, solutions of 500 mL of 50 mM Na,SO4 were electrolyzed at
pH 3 and 298 + 2 K for 60 min. The influence of the peripheral velocity of the rotating

cylinder (U = 2xfr/60, where f is in rpm, r denotes the RCE radius in cm, and 60 is a factor
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to express U values in cm s1) on the accumulated H,O; concentration over the electrolysis
time was evaluated within the U range from 11.9 to 79.6 cm s (i.e., 60 < f < 400 rpm). The
H20, concentration was quantified at each selected time by means of the Ti(IV)-H202
complex colorimetric method, employing a Perkin-Elmer Lambda 35 UV/Vis
spectrophotometer set at A = 408 nm.

Bulk electrolytic trials with duration of 60 min were also performed to investigate the
AMP elimination by several EAOPs, using the same supporting electrolyte mentioned above
at pH 3. The influence of initial Fe?* concentration (from 0.3 to 0.6 mM), U (from 11.9 to
79.6 cm s°1) and initial AMP concentration (from 5 to 15 mg L) was systematically assessed.
These assays were also carried out at a fixed Ecan = — 0.45 V vs. SHE. All data reported in
the graphs have been averaged from two analogous trials, thereby providing the error bars.

In the mineralization trials by the PEF process, the energy consumption per unit TOC
mass (ECroc, in kWh (g TOC)™) and mineralization current efficiency (MCE, in %) were

calculated as follows:

Ecenlt

ECTOC = VA(TCexp) (8)
_ MFVA(TOCeyp)
MCE = 232x107mit 100 ©)

where Ecen is the cell voltage (V), | is the output current (A), t is the electrolysis time (h),
A(TOC)exp is the TOC variation during the assay (mg L TOC), n is the number of electrons
transferred during the mineralization of AMP solutions (reaction (10)), F is the Faraday
constant, m is the number of carbon atoms contained in each AMP molecule, and 4.32 x 107

is a conversion factor for dimensional homogeneity.

C,7H;gFN305 + 37H,0 — 17C0, + F~ + 2NO3 + NH; + 88H* + 86e~ (10)
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2.4 Analytical methods

The Fe?* concentration was quantified by the standard 1,10-phenanthroline colorimetric
procedure, measuring the absorbance at 2 =510 nm in the same spectrophotometer mentioned
above [40]. The AMP concentration was measured by HPLC in an Agilent Series 1200
chromatograph, which was equipped with a PDA detector and an Agilent SB-C18 1.8 um,
50 mm x 2.1 mm (i.d.) column. An excellent AMP peak was identified at 4 = 260 nm and
retention time of 1.8 min, after injecting 100 pL of the sample that were eluted with a mixture
of 90% water and 10% acetonitrile as mobile phase at 0.6 mL min™. The solution TOC
content was determined using a Teledyne Tekmar TOC Torch analyzer.

On the other hand, the carboxylic acids generated through the electrolysis were identified
and quantified by ion-exclusion HPLC with the same chromatographic device described
above, although equipped with an Agilent Hi-Plex H8 mm, 300 mm x 7.7 mm (i.d.) column
and the PDA detector set at A = 210 nm. For this analysis, 20 pL of the sample were injected
to be eluted by a 5 mM H2SO4 solution employed as mobile phase at 0.6 mL min. From the
obtained chromatograms, two peaks were assigned to oxalic and oxamic acid at 9.0 and 13.2
min, respectively. Nitrate ion was monitored by injecting 20 pL of the sample into a Perkin
Elmer Flexar chromatograph equipped with a Shim-Pack IC-A1S, 100 mm % 4.6 mm, anionic
column at room temperature. The mobile phase was composed of a mixture of 2.4 mM
tris(hydroxymethyl)aminomethane (pH 4) and 2.6 mM phthalic acid, being eluted at 1.5 mL
mint. The resulting chromatograms exhibited two peaks at 1.9 and 13.5 min, attributed to
nitrate and sulfate ions, respectively, upon comparison with standards. On the other hand,
ammonium ion was analyzed using the standard indophenol blue colorimetric analysis, using

the aforementioned spectrophotometer set at A = 630 nm [41].
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3. Results and discussion
3.1 Self-sustained H20O- production

The electrosynthesis of H20. from two-electron ORR (reaction (2)) is a primordial step
in Fenton-based EAOPs, which are often superior to their non-electrochemical counterparts
because the H,O; is progressively supplied to the bulk solution, mimicking a stepwise
addition that allows minimizing the parasitic scavenging of *OH that typically occurs when
an excess of H>O; is supplied at once. Fig. 3a shows the influence of U in the range 11.9-
79.6 cm s on the H,O concentration accumulated from the reduction of the transported
anodic Oz. As can be observed, at each sampling time, the concentration increases when
operating at greater peripheral velocity, attaining 0.92 mM (31.3 mg LY), 1.21 mM (41.2 mg
L1, 1.30 (44.3 mg LY), 1.99 mM (68 mg L), and 2.45 mM (83.3 mg L) of H,0, at 11.9,
19.9, 39.8, 59.7, and 79.6 cm s, respectively, after 60 min of electrolysis. It can be noticed
that at t > 20 min, a semi-plateau is reached at U > 11.9 cm s™. This progressive deceleration
of the H2O, accumulation can be mainly attributed to two parasitic reactions, whose
contribution becomes more relevant at higher H>O> content: (i) the H20- reduction reaction

(11); and (ii) the direct H.O> oxidation at the anode surface (reverse of reaction (2)).

H,0, 4+ 2H" 4+ 2e~ - 2H,0 (11)

The rising H202 concentration as U is increased can be explained by the faster mass
transport (larger forced convection) of electrolytic O, towards the cathode surface promoted
by its rotation. The accumulated H>O> concentrations reached in this work at t = 60 min are
in good agreement with those obtained in our previous article, in which the electrolytic trials
were performed for 180 min [38]. Also, at higher U, the O supersaturation in the solution is

favored, which increases the amount of H>O; that can be generated [38]. Furthermore, note

10
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that at U = 11.9 cm s%, the maximum H2O concentration achieved (0.92 mM at 60 min) was
almost three-fold lower than that reached at the highest U = 79.6 cm s (2.45 mM).

In the EF process, the addition of the Fe?* catalyst has a negative effect on the H.02
accumulation, as expected from its partial consumption by Fenton’s reaction (3), which is
accelerated by the cyclic regeneration of Fe?* through cathodic reduction of Fe3* (reaction
(4)). This impact on H>O, accumulation should be much more marked in the PEF process
because the photoreduction of the Fe3* species through reactions (5) and (6) constitutes a
continuous source of Fe?* that decomposes the H.O,. Fig. 3b shows the H.O, accumulation
profiles obtained in EF and PEF at a catalyst concentration of 0.4 mM Fe?*, at U = 79.6 cm
s, As can be seen, the H20O, accumulation in the EF process has a similar behavior to those
without Fe?*, although reaching a lower H,O, content at each sampling time because the
oxidant is partially destroyed via Fenton’s reaction (3). The maximum concentration of 0.83
mM (28.3 mg L1) was attained at 60 min; a comparison with the trial at the same U of Fig.
3a reveals that 63% of the accumulated H,0; is consumed upon reaction with Fe?*. On the
other hand, in the PEF process, it can be observed that H,O> was only detected from 15 min
of electrolysis, thereby following a gradual increase to reach a final concentration of 0.12
mM (3.93 mg L), which represents only 5% of the final H.O, concentration accumulated in
the trial without catalyst and UVA radiation. Such drastic decay in the HO2 accumulation
supports the feasibility of photoreduction reactions (5) and (6) in an RCE set-up, which is
demonstrated for the first time, suggesting that PEF can be highly effective in destroying
organic pollutants because the H>O. disappearance is known to be accompanied by the

production of *OH.

3.2 Degradation of ampicillin by AO-H>O>, EF and PEF processes
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The ability of three different EAOPs with cathodic H>O> production, namely AO-H20.,
EF and PEF processes, to degrade ampicillin was first compared. As can be seen in Fig. 4a,
which highlights the AMP concentration decays over time, the complete drug elimination
was feasible in the three systems, although in the timescale of the electrolytic trials, it was
only achieved in the Fenton-based EAOPs. The fastest degradation occurred in the PEF
process, requiring 10 min, being slower in EF (20 min) and attaining an incomplete removal
(78% at 60 min) in AO-H20.. The three decay trends could be adjusted to pseudo-first-order
kinetics, yielding apparent rate constants (k1) with values of 3.6x102 (R? = 0.99), 2.1x10"
(R? = 0.98) and 4.2x10! min (R? = 0.96) obtained in AO-H,0,, EF and PEF process,
respectively. The 2-fold faster destruction of AMP by PEF as compared to EF confirms the
occurrence and influential role of reactions (5) and (6) to enhance the degradation process.
This is further corroborated from Fig. 4b, which shows the time course of the normalized
Fe?* concentration throughout the EF and PEF treatments; in PEF, the catalyst concentration
was maintained quite constant, close to its initial value thanks to its continuous and quick
photoregeneration from photodecarboxylation and photo-Fenton reactions (5) and (6),
respectively. On the other hand, a slight decrease in the Fe?* content was obtained in EF,
although the cathodic regeneration from reaction (4) ensured that about 60-65% of the initial
Fe?* content was always available to promote Fenton’s reaction. Considering the Feotal
profiles depicted in Fig. 4c, the missing 35-40% of Fe?* along the EF trial may be partly
(~20-25% throughout the EF assay) explained by both the loss of soluble iron and the
generation of stable Fe(lll)-carboxylate complexes not detectable spectrophotometrically.
Therefore, this means that the rest of the soluble iron (~15%) was in the form of

hydroxocomplexes of Fe* ion, which accumulated before being cathodically reduced. Such
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accumulation of Fe3* as part of diverse complexes accounts for the lower oxidation power of
the EF process. In Fig. 4c, note that the absence of iron precipitates or stable Fe(lll)-
carboxylate complexes in PEF treatment is confirmed by the high stability of Fetotal (> 97%).
In conclusion, the greater catalyst regeneration in PEF justifies the observed oxidation power

in the order: PEF > EF > AO-H,0..

3.3 Influence of the main experimental parameters on the antibiotic degradation

At his point, it is convenient to remind, as stated above, that the cathodically-generated
H.O> determines the extent and effectiveness of Fenton’s reaction (3), directly influencing
the AMP degradation. Since a new electrochemical reactor for H2O. Electrosynthesis in the
context of Fenton-based EAOPs is tested for the first time, it is essential to undertake a
systematic study to optimize the most critical parameters to apply the PEF process whose
superiority has been demonstrated above.

First, the effect of the initial Fe** concentration was evaluated. In more conventional
stirred tanks and filter-press cells equipped with C-PTFE carbon cloth as the cathode, the
optimum Fe?* content has been established within the range 0.5-1.0 mM [20,21]. Based on
this and taking into account the excellent regeneration ability of the PEF process, the effect
of Fe?* concentration was investigated in a lower range (0.3-0.6 mM). In Fig. 5a, the
influence of the catalyst concentration on the drug removal is depicted. As can be noticed, a
quicker elimination is attained when the concentration is increased from 0.3 mM to 0.4 mM,
whereupon a further increase becomes detrimental. More specifically, the antibiotic
disappears at 15, 10, 13 and 20 min employing initial Fe?* concentrations of 0.3, 0.4, 0.5 and
0.6 mM, respectively. The slower elimination at [Fe**]o > 0.4 mM is attributed to the parasitic

reaction (12) occurring between the catalyst and *OH. Worth reminding from Fig. 3b, no
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H>0, accumulation was observed at electrolysis time shorter than 15 minat U=79.6 8 cm s
!in the PEF process when an initial concentration of 0.4 mM Fe?" was employed, which
suggests that at Fe’" concentration of 0.5 mM or greater the catalyst is found in excess, largely
promoting reaction (12). The apparent rate constant (ki) had values of 2.3x10? (R? = 0.98),
4.2x10? (R? = 0.96), 3.6x10? (R? = 0.97) and 1.8x10! min? (R? = 0.97) at Fe?
concentrations rising from 0.3 to 0.6 mM. Moreover, the behavior of the Fe?* concentration
along the PEF treatment (Fig. 5b) evidences that at 0.4 mM Fe?" the total catalyst
regeneration is always ensured by photolytic and electrochemical reactions, whereas at
higher initial contents some of the iron is not in the form of Fe?*. This is especially evident
at 0.6 mM Fe?*, since only 50% of the species were present from 40 min, thus confirming
the negative effect of the reaction (12). In agreement with the profiles of Fig. 5b, the Fetota
concentration shown in Fig. 5c is very stable and close to the initial one in the assay with 0.4
mM Fe?*, whereas the catalyst content becomes more unstable and tends to decrease when
rising the initial Fe?* concentration. At 0.6 mM Fe?*, around 20-30% of Feota could not be
identified, plausibly due to the accumulation of a large amount of very refractory Fe(lll)-

carboxylate complexes that are slowly reduced.

Fe?* + °"OH - Fe3* + OH™ (12)

The second relevant parameter to be optimized was the peripheral velocity. As
demonstrated in Fig. 3a, hydrodynamics has a crucial role in RCE reactors because mass
transport is largely promoted as the rotation (i.e., peripheral velocity) is increased. Fig. 6a
shows that the rise in U contributes to accelerate the AMP elimination in the PEF process,
being the removal complete in all the tested U range; it was achieved after 30 minat U =11.9

cm s, only requiring 10 min at the greatest U = 79.6 cm s. Alongside the higher

14



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

concentration of H,O, accumulated at U = 79.6 cm s (Fig. 3a) as a result of the improved
mass transport towards the coated RCE, the greater turbulence in the bulk solution favors the
interaction between °*OH produced from Fenton’s reaction and AMP. In these trials,
gradually greater ki-values of 1.1x10 (R?=0.98), 1.3x10 (R = 0.98), 1.4x10 (R2=0.98),
2.5x10 (R? = 0.98) and 4.2x10! min™ (R? = 0.96) at rising U values between 11.9 and 79.6
cm s were determined. Furthermore, the improvement of mass transport toward the central
cathode can be corroborated by the Fe?* concentration profiles depicted in Fig. 6b. Despite
the fact that UVA photons promote the fast photoreduction of free and complexed Fe(l11) via
reactions (5) and (6), the simultaneous cathodic reduction of all these Fe(I11) species is known
to have a very positive impact as well [42]. This means that the increase of U enhances the
mass transport of hydrated Fe* and the Fe(lIl) complexes, favoring the Fe?* regeneration.
The Fe?* concentration fluctuated substantially during the electrolysis and decayed by 15-
20% at U < 39.8 cm s, whereas it was kept quite constant and close to the initial value at
greater U. In particular, at the highest velocity U = 79.6 cm s, the Fe?* concentration was
always over 95%. It is also remarkable that the total iron concentration was higher than 90%
regardless of the peripheral velocity imposed to the coated RCE, confirming that the
enhanced mass transport of Fe®* and the Fe(lll)-organic complexes toward the cathode
surface favors the Fe?* electro-regeneration (Fig. 6¢). Therefore, the progressively greater
contribution of reaction (4) at higher U allows explaining the accelerated drug degradation
discussed from Fig. 6a.

Finally, the effect of the initial antibiotic concentration was evaluated within the range
5-15 mg L! to assess the overall power of the PEF process a U= 79.6 cm s™'. From the results

shown in Fig. 7a, it can be observed that the fastest drug elimination was achieved at 5 mg
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LT AMP, only needing 7 min for complete removal, whereas this was feasible after 10 and
20 min at higher drug contents of 10 and 15 mg L™, respectively. The k; determined for these
three trials were 3.6-4.2x10 (R? = 0.99) at 5-10 mg L' AMP, and 1.7x10* (R? = 0.95) at 15
mg L*. Furthermore, Fig. 7b shows the catalyst behavior during these trials, which highlights
that the optimum Fe?* regeneration occurs at 10 mg L AMP. Such a good Fe?* recycling
accounts for the much faster AMP degradation as compared to the trial using 15 mg L AMP
(Fig. 7a). Conversely, at the lowest drug content (5 mg L™* AMP), the much smaller number
of drug molecules could not be degraded at a significantly quicker rate (Fig. 7a) because of
the decreasing Fe?* concentration once the drug disappeared (Fig. 7b). This can be explained
by the preferential consumption of *OH through reaction with Fe?* because of the lack of
sufficient organic molecules. This reaction (12) yields mainly Fe**, as can be deduced from
the very stable Fetwtal COncentration evidenced in Fig. 7c. A more oscillating profile, always
corresponding to a lower amount of accumulated Fe?* (decay of at least 40%), is observed at
15 mg L't AMP (Fig. 7b). However, total iron was kept quite constant throughout the trial.
A summary of the data obtained from PEF degradation trials can be found in Table 1.
Note that the mineralization of the organic matter contained in the solutions followed a
similar trend as compared to those of the AMP removals. The percentages of TOC abatement
increased from 56% to 68% when rising from 11.9 to 79.6 cm s™'. The photodecarboxylation
reaction (5) contributes remarkably to the very large mineralization achieved in a short time
of 60 min. It is also noticeable that the fastest decontamination, reaching 72% in only 30 min,
was obtained in the trial performed with 5 mg L' AMP and 0.4 mM Fe?" at 79.6 cm s™!, with
an energy consumption of 0.201 kWh (g TOC)™. The MCE ranged from 2.8% to 6.4%, owing
to the low AMP concentrations under study. These low MCE values confirm the negative

effect of reaction (12). The ECroc values were kept between 0.14 and 0.26 kWh (g TOC)™.
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Here, it must be mentioned that, although the RCE reactor does not require a compressor
to produce the HxO,, it requires energy to drive the electric motor that rotates the RCE,
representing a quarter of the electrolytic energy consumption needed in the PEF process. In
EF-related processes, the cost of electricity required tu operate the compressor is rarely
reported. In a recent review on PEF process by Brillas [1], the ECroc for treatments made
with filter-press cells attained values of 0.19-0.68 kWh (g TOC)%, which are similar to those
obtained in the present study. Unfortunately, the energy consumed by the air compressor was
not reported, but its inclusion in the calcualtions would substantially increase the energy
costs.

Worth mentioning, the size of the Oz bubbles as well as the thickness of the diffusion
layer (6) may play a crucial role in the H20> electrosynthesis [43] and, consequently, in the
PEF performance. In the RCE reactor, the control of the electrolytic O> bubble size
(preferably micro or nano) and ¢ mainly depends on the current density and the angular
velocity of the RCE. Nonetheless, these aspects would require a deeper and focused

experimental and computational fluid dynamic analysis.

3.4 Time course of carboxylic acids and inorganic ions

The carboxylic acids and inorganic ions generated during the antibiotic treatment were
identified and quantified employing the experimental conditions described in Fig. 7, at 5 mg
LT AMP. This antibiotic concentration was chosen in order to be as close as possible to a
realistic value, leading to an accumulation of by-products that might be reasonable when
treating an actual wastewater sample. Two short-chain linear aliphatic acids, oxalic and
oxamic, were detected, and their accumulation profiles are shown in Fig. 8a. A continuous

accumulation of both acids is observed from the beginning of the electrolysis, with oxalic
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acid rising up to 1.5 mg L at 30 min. This trend informs about the considerable refractoriness
of this aliphatic acid in a medium in which homogeneous *OH is produced from reaction (3)
[33]. A similar behavior is presented by oxamic acid, as it accumulates throughout the
entirety of the electrolysis until a value of 1.35 mg L? is finally attained. It is worth noticing
that a quasi-plateau of oxamic acid concentration is achieved after 15 min of electrolysis. At
that time, 77% of the total N contained in AMP has already been converted into this acid,
alongside ammonium and nitrate ions, discussed below, which limits a greater accumulation
of oxamic acid. The final equivalent TOC concentrations from both acids are 0.40 mg L*
from oxalic and 0.36 mg L™t TOC from oxamic, which represent 99% of the residual solution
TOC at the end of the treatment. Note that the complete disappearance of both acids was not
feasible under the tested conditions, in contrast to their reported quick photodegradation by
PEF [1,25,41], because of their presence as non-photoactive Fe(Il)-carboxylate complexes.
On the other hand, Fig. 8b shows the evolution of inorganic ions generated during the
electrolysis. As can be seen, nitrate was continuously accumulated, owing to the high
oxidation power of the PEF process that allows converting the N-species into nitrate. In
contrast, ammonium almost reached a plateau from 15 min, which means that most N-species
were oxidized to nitrate. The C-PTFE carbon cloth cathode is so efficient to reduce O> to
H.O> that it is almost unable to reduce other species such as nitrate [20]. The final
concentrations of nitrate and ammonium at 30 min were 0.94 mg L (0.21 mg L™ N), and
0.22 mg L™(0.17 mg L1 N), respectively, which added to the final equivalent N content from
oxamic acid (0.21 mg L* N) approximately account for a 99% of the total N contained in the

antibiotic.
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4. Conclusions

Aqueous solutions of the antibiotic ampicillin were successfully treated in a batch reactor
equipped with a C-PTFE carbon cloth-coated RCE that produces H>O, from anodically-
produced O». The feasibility of H.O> electrosynthesis without the need of a compressor, in
sufficient amounts to sustain several EAOPSs for water treatment, is demonstrated for the first
time. Up to 83.3 mg L™ H20; (~2.5 mM H20-) were accumulated at 60 min at fixed Ecan =
—0.45 V vs. SHE and U = 79.6 cm s, The fastest degradation of solutions with 10 mg L*
AMP was established under PEF conditions, operating at 0.4 mM Fe?*, U = 79.6 cm s and
Ecath = —0.45 V to completely remove AMP in 10 min. In addition, a TOC abatement of 68%
was achieved at 60 min, with ECroc of 0.211 kW h (g TOC)™. The residual TOC mainly
corresponded to oxalic and oxamic acids. An important finding that supports the convenience
of using an RCE to run the PEF process is that this reactor configuration decreases the
electrolysis time owing to the outstanding mass transport. For example, filter-press type
reactors typically require from 4 to 8 h to mineralize pharmaceuticals at a similar
concentration to that assessed here. In addition, the results obtained in this work suggest that
a sustainable treatment of antibiotics in water is feasible by using an RCE reactor with solar

radiation, thus eliminating the cost of both the compressor and the lamp.
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Figure captions
Fig. 1. Structural formula of AMP antibiotic (in its sodium salt form, as employed here).

Fig. 2. (a) Experimental set-up, including the UVA lamp that was turned on only in PEF

trials. (b) Top view of the RCE reactor.

Fig. 3. (a) Influence of peripheral velocity on the H.O> concentration profile and (b)
accumulated H,0> concentration during the EF and PEF treatments at 0.4 mM Fe?" and U =

79.6 cm s, Solution: 50 mM Na,SO4 at pH 3 and 298 + 2 K. Ecain = —0.45 V vs. SHE.

Fig. 4. (a) Comparison of the normalized AMP concentration decays over the electrolysis
time upon application of AO-H,O,, EF and PEF treatments. Corresponding time course of
normalized (b) Fe** concentration and (c) total iron concentration in the EF and PEF
treatments of a solution of 10 mg LTAMP + 50 mM Na»SO4 at pH 3 and 298 + 2 K.
Conditions: Ecath = —0.45 V vs. SHE, U= 79.6 cm s™'. In EF and PEF, Fe** was initially added

at a concentration of 0.4 mM.

Fig. 5. Influence of initial Fe*" concentration on normalized (a) AMP concentration decay,
(b) Fe** concentration and (c) total iron concentration over the electrolysis time during the
PEF treatment of 10 mg L' AMP + 50 mM NaSOs at pH 3 and 298 + 2 K. Conditions: Ecath

=-0.45Vvs.SHE, U=79.6 cm s’

Fig. 6. Influence of imposed U on normalized (a) AMP concentration decay, (b) Fe*"
concentration and (c) total iron concentration over the electrolysis time during the PEF
treatment of 10 mg L' AMP + 50 mM NaxSO4 + 0.4 mM Fe?" at pH 3 and T = 298 + 2 K.

Conditions: Ecath = —0.45 V' vs. SHE, U= 79.6 cm s™\.
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Fig. 7. Influence of AMP initial concentration on normalized (a) AMP concentration decay,
(b) Fe*" concentration and (c) total iron concentration over the electrolysis time during the
PEF treatment of different concentrations of AMP in solutions containing 50 mM Na>SO4 +
0.4 mM Fe*" at pH 3 and T = 298 + 2 K. Conditions: Ecath = —0.45 V vs. SHE, U = 79.6 cm

st

Fig. 8. Evolution of the concentration of (a) carboxylic acids and (b) inorganic ions during
the elimination of the antibiotic AMP by PEF process. Same experimental conditions as those

described in Fig. 7 at 5 mg L™t AMP.
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Table 1

Summary of pseudo-first-order rate constants for AMP degradation by PEF process, and their

corresponding R-squared values, as well as the percentages of TOC removal and electrolytic

energy consumption per unit TOC mass for the trials performed in the RCE reactor.

U [Fe®le [AMP]o ki/x102 RZ % TOC ECroc % MCE
/ecmst /mM  /mglLt mint removal /kWh (g TOC)?
11.9 0.4 10 1.1 0.98 56% 0.142 5.3
19.9 0.4 10 1.3 0.98 582 0.165 4.7
39.8 04 10 14 0.98 572 0.195 3.9
59.7 04 10 2.5 0.98 637 0.203 3.3
79.6 0.3 10 2.3 0.98 63? 0.177 3.1
0.4 5 3.6 0.99 72P 0.201 3.4
0.4 10 4.2 0.96 682 0.211 2.8
04 15 1.7 0.93 372 0.261 6.4
0.5 10 3.6 0.97 667 0.216 2.9
0.6 10 1.8 0.97 60? 0.238 3.2

At 2 = 60 min, and Pt = 30 min.
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