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ARTICLE INFO ABSTRACT
Keywords: The excessive cost, unsustainability or complex production of new highly selective electrocatalysts for HyO2
Biomass production, especially noble-metal-based ones, is prohibitive in the water treatment sector. To solve this

Electro-Fenton
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conundrum, biomass-derived carbons with adequate textural properties were synthesized via agarose double-
step pyrolysis followed by steam activation. A longer steam treatment enhanced the graphitization and
porosity, even surpassing commercial carbon black. Steam treatment for 20 min yielded the greatest surface area
(1248 m? g'1), enhanced the mesopore/micropore volume distribution and increased the activity (E; /5 = 0.609
V) and yield of HyO3 (40%) as determined by RRDE. The upgraded textural properties had very positive impact
on the ability of the corresponding gas-diffusion electrodes (GDEs) to accumulate Hy0,, reaching Faradaic
current efficiencies of ~95% at 30 min. Acidic solutions of f-blocker acebutolol were treated by photoelectro-
Fenton (PEF) process in synthetic media with and without chloride. In urban wastewater, total drug disap-
pearance was reached at 60 min with almost 50% mineralization after 360 min at only 10 mA em. Up to 14
degradation products were identified in the Cl™-containing medium.

1. Introduction photoelectro-Fenton (PEF) conditions, which involves the photo-
irradiation of the liquid phase with UVA light, according to reaction (2)

The homogeneous and heterogeneous catalytic decomposition of (Wen et al., 2019; Brillas, 2020; Ye et al., 2020a, 2020d).
H»0; promoted by dissolved and solid Fe-based species, respectively, via

general Fenton’s reaction (1) is the core of the electro-Fenton (EF) Fe?"+Hy0,—[Fe(OH)**+°0H M
treatment of organic pollutants in water (Brillas et al., 2009; Marti- [Fe(OH)]** +hv—Fe?" +°0OH o)
nez-Huitle et al., 2015; Huong Le et al., 2017; Moreira et al., 2017;

Ganiyu et al., 2018b; Monteil et al., 2019). The EF process yields a range The superiority of EF and PEF as compared to a simpler process like
of reactive oxygen radicals, with *OH as predominant oxidant due to its electro-oxidation with electrogenerated HyO2 (EO-H202) in terms of
highly positive standard reduction potential (E° = +2.730 + 0.017 V) degradation rate has been widely demonstrated (Coria et al., 2016:
(Armstrong et al., 2015). This makes the technology extremely effective, Vasconcelos et al., 2016; Ganiyu et al., 2018a; Yang et al., 2019; Ye
although it is mandatory to ensure the continuous conversion of the Fe et al., 2019a). Despite the absence of iron catalyst, hydroxyl radical is
(Il1) species generated in solution. This is feasible under produced in EO-Hy05 as well, via reaction (3), but it is strictly confined

to the anode surface or its vicinity. This tends to limit the oxidation
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power of this process, unless the treated solution contains electroactive
anions that can be transformed into powerful oxidants, as exemplified in
reaction (4) (Thiam et al., 2018; Espinoza et al., 2020).

M+H,0-M(*OH)+H +e~ 3)
M-+2C1" >M+Clygqy+2e” 4

Recently, new materials and setups have been developed to enhance
the efficiency of EF and PEF treatments of pharmaceutical residues in
water (Yang et al., 2018, 2020; Hammouda et al., 2019; Olvera-Vargas
et al.,, 2020; Ye et al., 2020b, 2020c). Water pollution by excreted
pharmaceuticals in their unmetabolized form has become a major issue
worldwide, since they exert dramatic effects like endocrine disruption,
secondary poisoning and antibiotic resistance (Bagnis et al., 2018;
Desbiolles et al., 2018). The management of such contaminants is not
only a matter of concern in urban wastewater treatment facilities, but it
also entails environmental liabilities for pharmaceutical companies due
to stricter environmental regulations (Larsson, 2014). Acebutolol, a
commonly used B-blocker, exemplifies the gradual environmental
accumulation of partially metabolized pharmaceuticals (Godoy et al.,
2015). Up to 60% of this drug is excreted in its parent form once
administered (Bussy et al., 2012), thereby posing serious risks to living
beings (Fraysse and Garric, 2005; Godoy et al., 2015). Hitherto, methods
like ozonation (Benner et al., 2008), TiO3 photocatalysis (Bensaadi et al.,
2014), chlorination (Khalit and Tay, 2016) or EO (Bussy et al., 2012)
have been applied to degrade acebutolol in aqueous medium, but PEF
process has not been examined yet.

Our research groups are currently developing optimized reactors
(Salmeron et al., 2019; Ye et al., 2020a), suspended heterogeneous
catalysts (Ye et al., 2020b, 2020c, 2020d) and cathode materials (Favaro
et al., 2015a, 2015b; Perazzolo et al., 2016a, 2016b; Daniel et al., 2018;
Brandiele et al., 2019; Ye et al., 2019b; Alcaide et al., 2020), aiming at
serving for future scale-up of EF and PEF systems. Among the different
cathode configurations, gas-diffusion electrodes (GDEs) are inspiring
new catalytic routes (Shi et al., 2021), and those made with (Co, S,
P)-decorated carbon nanotubes enhanced the electrocatalytic HoOo
production via 2-electron oxygen reduction reaction (5). This finding
agrees with recent trends, since highly selective and active single metal
atoms/catalysts (Pizzutilo et al., 2017; Wang et al., 2020) and poly-
atomic metal catalysts (Jirkovsky et al., 2012) are especially targeted for
enhanced Hy0; electrosynthesis.

0,+2H"+2¢">H,0, 5)

In contrast, for wastewater treatment applications, there is need for
carbonaceous GDEs that are as simple, cheap and sustainable as
possible, preferably without any additional catalyst loading in order to
simplify the manufacture, reduce the cost and prevent metal leaching
that causes secondary pollution and lack of reproducibility (Favaro
et al., 2015a; Perazzolo et al., 2015, 2016a, 2016b; Dong et al., 2020).
This is especially critical when actual wastewater is treated, since nat-
ural organic matter (NOM) and inorganic ions can induce the fouling of
the metallic sites of the electrocatalyst due to adsorption and precipi-
tation phenomena, similarly to that observed in suspended catalysts (Ye
et al., 2020Db).

Metal-free carbon black is the most widespread carbon electro-
catalyst for electrochemical water treatment (Dong et al., 2020; Xu et al.,
2020), also in the case of GDEs (Coria et al., 2016; Lanzalaco et al., 2017;
Ye et al., 2020a; Zhang et al., 2020). Nevertheless, this substrate is
synthesized by incomplete combustion of hydrocarbons at high tem-
perature (Zhang et al., 2019), thus being considered a dirty source.
Within this context, we are particularly interested in greener and more
economical carbon resources. Focus is put on the development of carbon
powders derived from abundant biomasses, to be employed in the
preparation of GDEs that generate H,O5 to sustain the Fenton’s reaction
(1). In accordance to new policies on the promotion of circular economy
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to foster the zero waste discharge, many authors have reported the
preparation of biomass-derived carbons for oxygen reduction. New re-
sources include carbohydrates and polysaccharides, as well as ligno-
cellulose and animal biomass (Borghei et al., 2018). On some occasions,
the selectivity of such carbons toward Hy05 electrosynthesis via reaction
(5) has been assessed (Yang et al., 2017; Daniel et al., 2018; Tian et al.,
2019; Jia et al., 2020). However, as far as we know, only a couple of
studies have described their implementation in a GDE: Liao et al. (2019)
reported the oxidation of formaldehyde by electrosynthesized Hy0o,
whereas the performance of EF and PEF with this type of GDE but using
chitosan has only been tested in one of our most recent articles (Daniel
et al., 2020).

This work addresses a doubly eco-friendly approach in the field of
water treatment: HyO5 is produced on site upon modulation of applied
current, avoiding the risks and costs associated to manipulation of
commercial HyO2 and relying on a biomass-derived electrocatalyst.
Refined agarose, a subfraction of a mixture of polysaccharides (i.e.,
agar) extracted from Rhodophyta marine red algae (seaweed) cells
(Vadodariya et al., 2018), has been selected as an abundant and sus-
tainable low-cost carbon biopolymer. The closest study was reported by
Liu et al. (2016), who directly tested carbonized spiral seaweeds for
oxygen reduction. Here, GDEs were prepared from agarose-derived
carbons with different textural properties. Varying area and pore dis-
tribution, which determine the activity of carbon electrocatalysts, were
conferred upon change of the synthesis conditions. The ordered struc-
ture of the resulting mesoporous carbons contributed to limit the resi-
dence of the generated HyO5 in the cathode vicinity, thus minimizing its
destruction (Perazzolo et al., 2015, 2016a). The materials were fully
characterized and the ability of the GDEs to produce H,O4 was tested at
constant current density. Acebutolol was treated as the target pollutant
by EF and PEF in various electrolytes, and the viability of the new
electrocatalysts was validated in actual wastewater, also identifying the
main reaction products.

2. Materials and methods
2.1. Chemicals

Agarose (CAS No. 9012-36-6, SO42’ < 0.15%), purchased from
Sigma-Aldrich and used as received, was the only reagent needed for the
synthesis of the powdery catalysts. After their obtention, each selected
powder was mixed with ethanol (96%, Panreac) and polytetrafluoro-
ethylene (PTFE, 60 wt% solution, Sigma-Aldrich), to manufacture a GDE
as described below. The ability of such GDEs to electrogenerate HyOo
was quantified upon reaction with TiOSO4exH20 (technical grade,
Sigma-Aldrich). Acebutolol was from Sigma-Aldrich (hydrochloride salt,
CAS number 34381-68-5) and its concentration was evaluated chro-
matographically using acetonitrile (high performance liquid chroma-
tography (HPLC) grade) and KHyPO, in the eluent, whereas the organic
reaction products were extracted with CHCly, all of them from Panreac.
As discussed later, the main accumulated inorganic ion was ammonium,
whose content was determined upon reaction with phenol (99.5%,
Sigma-Aldrich), hydrated sodium nitroprusside (Naz[Fe(CN)sNO]e
2H,0, Merck) and hydrated ethylenediaminetetraacetic acid disodium
salt (Nay-EDTA, 99%, Alfa Aesar). Tris(hydroxymethyl)aminomethane
(> 99.8%) and phthalic acid (> 99.5%), ACS reagents from Sigma-
Aldrich, were employed in the ion chromatography analysis. N,N-
Diethyl-p-phenylenediamine sulfate salt (> 99%, Merck) was used for
active chlorine quantification.

Ultrapure water (p > 18.2 MQ cm at 25 °C, pH ~5.5) obtained from a
Merck Millipore Milli-Q system was employed for the preparation of the
catalysts, GDEs and analytical solutions. Most of the electrolytic trials
were carried out in such ultrapure water, in the presence of anhydrous
NapSO4 (Merck) and/or NaCl (Panreac) as background electrolytes. For
validation, some degradation trials were also made in the secondary
effluent from a municipal wastewater treatment plant as actual water
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matrix. It had a pH of 7.5, specific conductivity of 2.1 mS cm™! and total
organic carbon (TOC) of 10.4 mg L. The cation and anion contents
were determined according to a previous work (Ye et al., 2020a). This
water sample was preserved at 4 °C after acidification and homogeni-
zation to prevent bacterial growth. Prior to the electrolyses, the pH of all
solutions was adjusted to pH 3.0 as optimal for Fenton’s reaction (1)
(Brillas et al., 2009; Martinez-Huitle et al., 2015), using analytical grade
H3S04 (96%) or HCI (37%) from Merck. FeSO4e7H,0 (Panreac) was the
catalyst source in EF and PEF.

2.2. Synthesis of agarose-derived catalysts

To synthesize mesoporous carbons from agarose (so-called MCA), an
agarose hydrogel was pyrolyzed following a procedure previously
described in detail (Daniel et al., 2018). Agarose is a green, highly
disposable and non-toxic chemical. Moreover, it has a fast gelation rate
and yields a stable gel with interconnected pores, an architecture that
can be transferred to the carbon obtained upon pyrolysis. The agarose
hydrogel was prepared by dissolving 2 g of agarose in 25 mL of milli-Q
water, and the resulting mixture was heated to boiling and then cooled
down to room temperature to form a stable hydrogel. The gel was then
chopped up into small pieces to ease the removal of water by
freeze-drying for preserving the porous structure. The dried hydrogel
was pyrolyzed according to a two-step sequence (each step for 2 h), at
400 °C and 900 °C. This was made in a tubular furnace (Carbolite) using
a 75 scem (i.e., standard c¢m?® min™) N, flux and a heating ramp of 5 °C
min’’. The crude product obtained after the first heating step (so-called
MCA@400), as well as the final carbon (MCA@900), were ground by
vibro-milling (Retsch MM 400, four steps of 4 min at 10-25 Hz). The
effect of a novel post-treatment on the textural properties and perfor-
mance was also investigated. For this, the resulting MCA was further
activated in steam at 850 °C under Ny flux of 50 sccm. The setup for the
steam treatment consisted in a tubular furnace flanged at both sides to
control the inner atmosphere. The outlet flange was connected to the
purging line directed to a scrubber, whereas the inlet flange was con-
nected to the N2 mass flow control. The inlet flange also lodged a
stainless steel needle, which was connected to a syringe pump and
positioned so that the needle tip laid at the entrance of the oven. The
syringe pump was actioned after purging the tubular furnace with Ny
and once the temperature reached 850 °C. The syringe pump injected
milli-Q water at 1 mL min™! right in the front entrance of the tubular
furnace, achieving the almost instantaneous water evaporation. The
MCA@900 samples were exposed to the steam treatment during
different time periods, 5, 10 and 20 min, giving rise to three types of
carbons: MCA@900_5, MCA@900_10 and MCA@900_20. These names
are used throughout the manuscript, as compared to the sample not
exposed to the steam treatment (MCA@900).

2.3. Physicochemical characterization of agarose-derived catalysts

Transmission electron microscopy (TEM) images were acquired with
a FEI Tecnai G2 transmission electron microscope that was operated at
100 kV. For Brunauer-Emmett-Teller (BET) analysis, isotherm and pore
distribution, nitrogen adsorption-desorption was carried out at 77 K
employing a Micromeritics ASAP2020. The surface area values were
obtained from the desorption curve in a multipoint BET analysis and the
pore distribution was assessed with a slit/cylindrical pore QSDFT (i.e.,
quenched solid density functional theory) non-equilibrium model. The
elemental analysis (EA) was performed in a Thermo Scientific Flash
2000 instrument. Fourier transform infrared spectroscopy (FTIR) was
employed to evaluate the surface functionalities. The spectra were
recorded on a Bruker Vertex 70 FTIR spectrometer, equipped with a
diamond ATR device (Golden Gate, Bruker) to operate in transmission
mode. Samples were prepared by mixing powders (1 wt%) in KBr. X-ray
photoemission spectroscopy (XPS) measurements were performed at
room temperature in a UHV chamber (base pressure < 5 x 10°° mbar),
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equipped with a double anode X-ray source (Omicron DAR-400) and a
hemispherical electron analyzer (Omicron EIS-125). A non-
monochromatized Mg-Ka radiation (hv = 1253.6 eV) and pass en-
ergies of 50 and 20 eV for the survey and the single spectral windows,
respectively, were used. The calibration of the Binding Energy (B.E.) was
made using Au 4f;,, as the reference (B.E. Au 4 f;,, = 84.0 eV). The XPS
signal of carbon was deconvoluted into single components by using
symmetrical Voigt functions. XRD measurements were made on a D8
ADVANCE Bruker diffractometer equipped with a Cu anode X-ray tube
(40 kV, 40 mA), Bragg-Brentano HD optical module, and X’Celerator
detector. Diffraction patterns were acquired in the 10-60° 20 range with
0.01° virtual step size, counting an equivalent time of 0.5 s per step. The
experimental diffractograms were compared with the standard ones
(Powder Diffraction File database) to individuate the phases. Raman
scattering analysis was conducted on a Thermo Scientific DXR Raman
microscope system, equipped with a 532 nm laser as the photoexcitation
source. The size of the laser spot at the sample was about 25 um and the
power at the sample was 1.0 mW. Curve fitting of the Raman spectra was
made using Gaussian curves. Because of low S/N ratio, first- and second-
order spectra were fitted separately by constraining the range of spectral
parameters in the iteration procedure.

2.4. Electrolytic trials

Different electrolytic runs were conducted in order to assess the
ability of the EO-H04, EF and PEF processes to electrogenerate HyOo
and active chlorine, as well as to compare the degradation rate of the
selected pharmaceutical pollutant and identify the main products. A
single compartment glass cell was chosen to carry out the experiments,
allowing the co-generation of powerful oxidants from cathodic and
anodic reactions. The cell always contained 150 mL of solution volume
(V;), which was prepared with ultrapure water or actual wastewater,
acidified to pH 3.0, thermostated at 25 °C and continuously stirred with
a magnetic bar at 700 rpm. In most trials, acebutolol was spiked into the
aqueous matrix, always at a concentration of 0.046 mM (10 mg L' TOC).
EF and PEF treatments were made in the presence of 0.50 mM Fe?" as
catalyst. In PEF, the solution was irradiated with UVA light using a 6 W
Philips lamp (tubular shape, Ayax = 360 nm, irradiance of 5 W m?)
placed at 5 cm over the liquid surface.

In all these trials, the cell contained a RuOs-based anode (dimen-
sionally stable electrode, DSA-Cly) from NMT Electrodes placed in par-
allel to a GDE that served as the cathode. A GDE was prepared from each
type of synthesized MCA catalyst using the air-brushing method
(Ye et al., 2019b; Alcaide et al., 2020). To do this, 0.1 g of a given MCA
powder were dispersed in a PTFE + ethanol mixture for 45 min using an
ultrasonic bath, thus obtaining a volume of about 20 mL. The resulting
ink was sprayed over a piece of ~8 cm? of degreased carbon cloth (BASF
B1ASWP) employing a gun fed with Ny gas. Several layers were applied,
allowing the drying of each one at 60 °C for 3 min, until the ink was
finished. The final coated sample was pressed at 2 tons for 45 s, further
annealed at 400 °C for 1 h under N5 atmosphere and finally cooled down
at room temperature. The weight gain in each GDE was about 80 mg (i.
e., MCA-PTFE loading of 9.7 mg cm'®). This coated carbon cloth was
placed at the bottom of a tubular polypropylene housing, which acted as
a gas chamber fed with compressed air pumped at 0.6 L min’! to ensure a
continuous HyO5 electrogeneration. The geometric area of both elec-
trodes was 3 cm? and the interelectrode gap was 1 cm. Constant current
between the anode and cathode was supplied by an Amel 2051
potentiostat-galvanostat, and a Demestres 605 multimeter monitored
the cell voltage (Ece). The Ece values ranged between 3.6 and 4.0,
6.9-7.4 and 12.5-13.0 V at 10, 30 and 60 mA cm2, respectively. Before
first use of the new GDEs, their surface was conditioned and stabilized
through a galvanostatic polarization made in a 0.050 M NaySO4 solu-
tion, at 300 mA for 180 min.
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2.5. Analytical methods

The solution pH was monitored upon initial adjustment to 3.0 and
during the electrolyses using a Crison GLP 22 pH-meter. A Metrohm 644
conductometer was employed for conductivity measurements. Before
each of the following analyses, the samples were pre-conditioned by
filtration with PTFE filters (13 mm x 0.45 pm) from Whatman. The
colorimetric analysis of the yellowish complex formed between Ti(IV)
and Hy05 was made at 25 °C on a Unicam UV/Vis spectrophotometer set
at Amax = 408 nm (Welcher, 1975). The corresponding calibration curve
equation, Absorbance = 0.0351 [H205] (with [H205] in mM), allowed
the determination of the current efficiency (CE) over the time, as follows
(Brillas et al., 2009):

2F[H,0,]V,

CE (in %) = m100 (6)

where 2 is the number of electrons transferred for HyO, production
according to reaction (5), F is the Faraday’s constant, [Hy02] isin g L'l,
Vs is in L, M(H205) is the molecular weight of the oxidant in g mol ™ and
Q is the charge consumed during the electrolysis in C.

The same instrument was employed to determine the concentrations
of active chlorine, at Amax = 515 nm (APWA et al., 2005) and NH,4 " ion,
at Apax = 630 nm (Ye et al., 2019b). The drug concentration decay over
time was measured by reversed-phase HPLC. A Waters 600 chromato-
graph, equipped with a BDS Hypersil C18 column thermostated at 35 °C
and connected to a photodiode array detector, was employed. A thin
peak with Apax = 235 nm related to acebutolol appeared at retention
time of 4.6 min. A 40:60 (v/v) mixture containing the organic (aceto-
nitrile) and aqueous (10 mM KHyPO4 solution at pH 3.0) phases,
respectively, was recirculated at 1.0 mL min™ as mobile phase. The
degradation trials were made twice and average drug concentration
values along with their error bars (95% confidence interval) are depic-
ted in the figures. Short-chain carboxylic acids were quantified using the
same instrument, although equipped with a Bio-Rad Aminex column and
replacing the previous mobile phase by a 4 mM HySO4 solution at
0.6 mL min™' (Coria et al., 2016). The detection was made at Amax
= 210 nm, with peaks for oxalic and maleic acids at 7.0 and 8.5 min.
The inorganic anions in raw wastewater were quantified as described
before (Ye et al., 2020a), with a Shimadzu 10Avp chromatograph
coupled to a conductivity detector.

The solution TOC was determined by injecting the samples in a
Shimadzu TOC-VCNS analyzer and selecting the non-purgeable organic
carbon (NPOC) method. From the TOC value of each aliquot, with + 1%
accuracy, A(TOC)exp was calculated in mg L7 and the mineralization
current efficiency (MCE) was calculated as follows (Thiam et al., 2018):
MCE (in %) = nFV(ATOC)oy | @

4.32x10"mlit
considering the applied current I, in A, and a given electrolysis time ¢, in
h. The number of carbon atoms of acebutolol molecules (m) and the
number of electrons involved in their mineralization (n) are shown in
the overall mineralization reaction:

C13H2gN,0,4+32H,0—-18CO,+2NH, T +84H +86¢ ™~ (8

The specific electrolytic energy consumption per unit TOC mass
(ECroc), which accounts for the energy required to run the electro-
chemical process, was obtained as follows (Thiam et al., 2018):

Ece]]It
V,(ATOC)

exp

ECroc (inkWh(g TOC)™") = 9)
where E¢ is the average value, in V.
Gas chromatography-mass spectrometry (GC/MS) analysis allowed
the identification of the organic products generated during drug
degradation. They were extracted with CHyCly as organic solvent,

Journal of Hazardous Materials 423 (2022) 127005

whereas their analysis was made in electron impact mode at a voltage of
70 eV using an Agilent Technologies instrument composed of a 6890 N
chromatograph linked to a 5975 mass spectrometer. Teknokroma
Sapiens-X5.ms (non-polar) and HP-INNOWax (polar) columns (0.25 pm,
30 m x 0.25 mm (i.d.)) were employed. The method followed in each
case is detailed elsewhere (Ye at al., 2020c¢), with 67.80 and 93.80 min
as run time, respectively. For a correct interpretation, the mass spectra
were compared to those found in the NISTO5 MS database.

The agarose-derived electrocatalysts were characterized by cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) at a rotating
ring-disk electrode (RRDE from Metrohm containing a 5 mm diameter
glassy carbon disk surrounded by a Pt ring with a collection efficiency of
25%), in either Ar-purged or Oy-saturated 0.0005 M H5SO4 + 0.050 M
NaySO4 solutions using a 101 N Autolab potentiostat-galvanostat. The
measurements were made in a three-electrode cell that included the
RRDE as working electrode, alongside a graphite rod and a reversible
hydrogen electrode (RHE) as the counter and reference electrodes,
respectively, at a scan rate of 5mV s’ and a rotation speed (w) of
1600 rpm. The electrocatalysts were characterized as thin films pre-
pared as an ink by drop-casting (20 pL) of the corresponding carbon
powder on the disk. All the electrochemical assays were carried out with
an optimized loading of 0.6 mg cm™. The number of electrons trans-
ferred during ORR (n) and the HyO3 yield (yn,0,) were determined ac-
cording to reported equations (Daniel et al., 2020), after measuring the
disk and ring currents (Ip and Ir, respectively) and considering a
collection efficiency (N) of 0.25.

The GDEs prepared with agarose-derived carbon catalysts (both fresh
and used) were characterized by scanning electron microscopy (SEM)
employing a JSM-7100F field emission microscope from JEOL at
20.0 kV.

3. Results and discussion
3.1. Characterization of the synthesized MCA catalysts

Fig. 1 collects the TEM images of each of the MCA materials ob-
tained, at two different magnifications. MCA@400, which is the product
of the first pyrolysis step at 400 °C, is composed of foam-like graphitic
sheets that apparently did not present a defined pore structure (Fig. 1a
and b). After the second pyrolysis step, the resulting MCA@900 main-
tained a compact structure, even though open alveoli-like features could
be distinguished (Fig. 1c and d). The effect of the steam treatment on
compactness is clearly visible in the other images. As steam was applied
for a longer time of 5min (MCA@900.5, Fig. le and f), 10 min
(MCA@900_10, Fig. 1g and h) and 20 min (MCA@900_20, Fig. 1i and j),
the initially dense structure of MCA@ 900 left space to voids and carbon
slag, resulting in an interconnected disordered hierarchical pore struc-
ture. Such less packed structure promoted by steam is presumed to be
positive, favoring the transport of reactants. Among those, the promoted
contact of protons and organic molecules with the electrocatalyst sur-
face enhances, respectively, the production of H,O5 from reaction (5)
and the reactive events with *OH formed via reaction (1).

The EA data of the agarose-derived carbons are summarized in
Table 1. The direct analysis evidenced the presence of carbon and
hydrogen, the remaining percentage being tentatively assigned to oxy-
gen because no other impurities were found. As it can be observed, the
percentage of oxygen, and therefore the number of oxygen functional-
ities bounded to the carbon support, increased when moving from
MCA@900 to MCA@900_10. In contrast, it tended to decrease as the
steam treatment was prolonged. This behavior is consistent with a
milder oxidation of the most reactive carbon atoms upon short steaming,
whereas a longer exposure induced the release of CO or CO gases. It is
worth noting that these gases played a fundamental role as porogen
agents, becoming beneficial to enhance the textural properties of the
support.

Aiming to complement the EA results, the functionalities induced on
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Fig. 1. TEM images obtained at (a,c,e,g,i) lower and (b,d,f,h,j) higher magnification: (a,b) MCA@400 catalyst, resulting from the first step of pyrolysis, (c,d)
MCA@900 catalyst, produced after the second step of pyrolysis, and catalysts obtained upon steam treatment of MCA@900 powder for (e,f) 5 min (MCA@900.5), (g,

h) 10 min (MCA@900_10) and (i,j) 20 min (MCA@900_20).

Table 1
Elemental analysis (EA) and analysis of N adsorption/desorption data based on the QSDFT model for MCA@900 catalysts, non-activated and activated for 5, 10 and
20 min.
Catalyst EA QSDFT (slit/cylindrical) adsorption model”
C%) H®) 0" Sosporrm’gh  Sym?gh  Su(m?gh  Vior(em®g?)  Vosprr em®g™)  Vu(em®g) Vi (em®*g?)  HF
MCA@900 85.93 0.76 13.31 487 477 10 0.195 0.173 0.156 0.017 0.02
MCA@900_5 67.43 0.62 31.95 908 873 35 0.324 0.292 0.249 0.043 0.03
MCA@900_10 6572  0.53 33.75 992 926 66 0.440 0.392 0.289 0.103 0.04
MCA@900_20 81.31 0.59 18.10 1248 1040 208 0.854 0.724 0.379 0.345 0.07

# QSDFT: Quenched solid density functional theory.
b Oxygen content determined by difference from (C + H) content in EA.

MCA@900 sample by the steam treatment were analyzed from FTIR
spectra, which were normalized considering the peak centered at
~2920 cm'! assigned to the stretching vibration of the aliphatic G-H
bonds of the agarose hydrogel used as precursor. As shown in Fig. 2, the

typical peak located at 3430 cm™! arises from the O-H stretching vi-
bration stemming from water, whereas the three peaks at 2970, 2920
and 2850 cm™ are related to the stretching vibration of the C-H bonds
(Singh et al., 2017). The sharp absorption peaks observed at 1670 and
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Fig. 2. FTIR spectra for all the MCA@900 catalysts, non-activated and activated for 5, 10 and 20 min.
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1620 cm! are assigned to the stretching vibration of groups that contain
the C=O0 functionality, while the distinct peak at 1465 cm’! is attributed
to the C-H vibration mode of the CH, groups (Yang et al., 2016). Finally,
the other peaks centered at 1345 and 1050 cm™ correspond to the C-O
stretching vibration (Yang et al, 2016). As compared to the
non-activated carbon, all the samples that underwent the steam treat-
ment presented a higher absorbance of the peaks related to oxygenated
functional groups (Fig. 2), thus confirming the EA results. Since the
spectra are normalized considering the C-H vibrations, the changes
observed can be explained from the relative amount of C and O in each
sample. More in detail, the steam process seems to favor the presence of
the C=0 and C-O groups especially after 5 min of treatment. A longer
exposure caused their decrease but not their disappearance and hence,
the presence of such oxygen functionalities in all the treated samples is
expected to have a very positive impact, as the adjacent carbons act as
active sites for HyO, production (Lu et al., 2018). These findings allow
corroborating that the steam treatment affects the molecular structure of
the material and the available functional groups, with a consequent
direct impact on the textural properties, resistance and electroactivity.

The FTIR results were corroborated by means of XPS analysis, which
revealed the presence of the sole C 1s and O 1s signals. The latter are not
really informative because of a persistent environment contamination
from atmospheric oxygen, in contrast to C 1s that can give some clues
about the evolution of the carbon environment during the steam treat-
ment. In Fig. Sla in Supplementary Material, only the spectra of the
untreated and the MCA@900_20 samples are shown, since in all cases
they were superimposable, with the exception at high binding energy
where the MCA@900_20 spectrum slightly differs in a higher concen-
tration of the © — = * transition, which is typical of polyoxygenated
groups. The presence of the different oxygen functionalities, which
agrees with FTIR results, is shown in Fig. S1b and c.

In order to quantify the change of the textural properties of the
synthesized carbons, their hierarchical pore structure and surface area
were evaluated by Ny physisorption at 77 K (Fig. 3). MCA@900 pre-
sented a Type-I(a) isotherm with a horizontal plateau, which is typical of
a microporous material mainly composed of ultramicropores (pore
diameter < 0.7 nm). The filling of micropores is a continuous process,
which can be observed at low P/P° values (Fig. 3a), being governed by
the enhanced gas-solid interactions (Cychosz et al., 2017). The analysis
of this kind of materials is performed using an advanced method like
QSDFT, which takes into account the surface roughness, the filling
mechanism of micropores and the mechanism of pore condensation,
evaporation and hysteresis. The uptake limit was constrained by the
accessible micropore volume rather than by the internal surface area. As
can be seen, for the MCA@ 900 sample, the adsorption and desorption
branches were not overlapped, a behavior that is probably due to the
pore shape. The pore morphology could block the outgassing, thus
requiring a higher equilibration delay during desorption. The prevalent
microporosity of MCA@ 900 can be confirmed from Table 1, as the

0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P°)
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QSDFT analysis revealed micropore surface (S,) and volume (V,,) values
much greater than mesopore ones (Sp, and V). The same type of
isotherm was maintained for the steam-treated samples, with the
exception that in MCA@ 900 the hysteresis loop was missing. Such loop
was Type H4 in MCA@900_5 and MCA@ 900_10, which is typical of
micro-mesoporous materials. In fact, the steam treatment gradually
induced: (i) the formation of bigger pores (i.e., greater Sy,/S,, and Vp/V,
ratios, Table 1), and (ii) the consequent enhancement of the pore volume
(Fig. 3b) and the surface area (Table 1) from 487 m? g' (MCA@900) to
1248 m? g'1 (MCA@900_20). The latter is comparable to the value re-
ported for carbons prepared from magnolia flowers, with a surface area
of 1226 m? g'! (Chen et al., 2017), and slightly greater than the BET
surface area of a nanoporous electrocatalyst synthesized from pomelo
peel (i.e., 1106 m? g'l) (Yang et al., 2017). It is worth mentioning that
the area of our agarose-derived catalysts is much greater than that
achieved by Garza-Campos et al. (2018). These authors prepared mes-
oporous carbons from formaldehyde/resorcinol mixtures by a soft
template method followed by carbonization and then tested them in
GDEs for water treatment. Their surface area ranged from 476 to 646 m>
g’! and the maximum pore volume was 0.509 cm® g, which is much
lower than that of MCA@900_20 (Table 1). All of the MCA samples
synthesized here can be classified as carbons with high porosity and
good textural properties, largely upgrading those of commercial carbon
black (Sggr = 67 m?> g'l, Vy, = 0.015 cm?® g'l, Vieso = 0.137 cm?® g'l)
typically employed to prepare GDEs for water treatment.

In MCA@900_5 and MCA@900_10 isotherms, the desorption close to
P/P° of 0.45 (Fig. 3a) can be explained by the cavitation effect induced
by ink-bottle shape of pores. Fig. S2 shows the pore size distributions
centered at 0.9, 2.3 and 5nm for MCA@900, MCA@900_5 and
MCA@900_10, respectively. A quite different adsorption/desorption
behavior can be recognized for MCA@900_20, which is characterized by
a Type H3 hysteresis loop. In fact, in this case the pore size distribution
depicted in Fig. S2 is much broader, ranging from 2 to 20 nm. The
enlarged mesopore neck size favored the outgassing, obtaining a more
defined and closed hysteresis loop with no cavitation effect.

From the catalytic point of view, accessibility and connectivity be-
tween pores is fundamental. A dimensionless hierarchical factor (HF =
[(Vy/V1) x (Sm/Sgsprr)]), which is typically employed to evaluate the
catalytic activity of zeolites, was calculated to correlate structure with
catalytic performance. As summarized in Table 1, the HF increased at
longer steam treatment, attaining a maximum value for the
MCA@900_20 sample. This is explained by the greater increase of
mesoporosity as compared to microporosity (Pérez-Ramirez et al.,
2009), which corroborates that steam promoted the creation of new
mesopores and the size increase of existing pores.

Note that the transition from micro to mesopores as the steam
treatment became longer, reaching a Vp/V, ratio near 1 for
MCA@900_20, is a remarkable property because of the combined ben-
efits of both types of pores. Microporosity is positive because of the high
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Fig. 3. (a) Nitrogen adsorption/desorption isotherms for all the MCA@900 catalysts described in Fig. 2. (b) Effect of steam treatment on the micro/mesopore volume
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internal surface area of pores and their ability to bind gases like O, as
shown for polymers of intrinsic microporosity (Madrid et al., 2019),
whereas mesoporosity is associated to a favorable mass transport with
lower resistance (Qin et al., 2020). An excess of micropores with small
openings hinders the mass transport, restricting the formation of the
three-phase boundary (Lee et al., 2019), but a sufficient amount is
needed to provide a good number of active sites (Jaouen et al., 2006).
Therefore, these pores must be adequately combined with mesopores to
ensure the continuous reactivity (access of reagents and exit of products,
both in the ORR to H20; and in the pollutant degradation).

Raman spectroscopy gives insightful information on carbon mate-
rials since it is sensitive not only to crystals but also to molecular
structures (i.e., short-range order) (Sadezky et al., 2005), providing
valuable information on the graphitization degree. The Raman spectra
of Fig. 4a show a clear evolution upon steam treatment. The two most
evident bands, at ~1350 and ~1600 cm™’, are respectively called D1
and G bands in analogy to the Raman features of graphite (Brandiele
etal., 2019). The D1 band is related to the disordered graphitic lattice on
the edges of graphene layers, whereas the G band describes the vibration
of the sp? sites on an ideal graphitic lattice. Some earlier studies sug-
gested that the peak at ~1600 cm™ can be deconvoluted into two bands,
G and D2, the latter arising from the disordered graphitic lattice on the
surface of graphene layers (Brandiele et al., 2019). To fit the experi-
mental data, the inclusion of the D2 band is clearly necessary mostly on
non-activated carbons, such as MCA@ 900 and MCA@900.5 (see
Raman data deconvolution for this sample in Fig. 4b). Between D1 and G
bands, another band (D3) can be assigned at ~1500 cm'l, accounting for
amorphous carbon (Perazzolo et al., 2015). According to several studies,
a Gaussian fitting was proposed for D3 band due to a statistical distri-
bution of amorphous carbon in interstitial positions of the disturbed
graphitic lattice (Javhori et al., 1995). The band at ~1350 cm’! seems to
exhibit a shoulder at ~1220 cm}, which can be deconvoluted to yield a
D4 band attributed to sp?-sp® bonds or C—C and C=C stretching vi-
brations (Sadezky et al., 2005). D3 and D4 bands are usually present in
highly defective carbon (Bokobza et al., 2015). The parameters obtained
from spectra fitting (Table S1 in Supplementary Material) allow
analyzing the amorphous carbon using a phenomenological three-stage
model. Different factors affected the shape of the spectra, and an
amorphous trajectory can be defined considering the D1/G ratio and G
band position (Brandiele et al., 2019). As summarized in Table S1, the G
band shifted between 1593 and ~1598 cm’, whereas D1/G increased
from 1.27 up to 1.78. Considering the Tuinstra-Koenig model, the band
intensity ratio allowed the determination of the size of the graphite
nanocrystallites, which was within the range 2.8-3.9 nm. The evolution
of the two Raman parameters suggests that catalysts synthesized at
900 °C can be classified in the first stage on the amorphization trajec-
tory, from graphite to nanocrystalline graphite (Ferrari and Robertson,
2000). Also, the parameter R2, calculated from the areas of several
bands as D1/(G + D1 + D2) (Beyssac et al., 2003), can reliably distin-
guish poorly (R2 > 0.5) and highly (R2 < 0.5) graphitized carbons.
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MCA@900 had the lowest R2, accounting for a high graphitization de-
gree (Table S1). A short steam treatment for 5 min yielded a significantly
lower graphitization (R2 = 0.60). This agrees with TEM and Ny
adsorption/desorption analyses, since steam induced a greater porosity
increasing the disorder of the carbon lattice. However, a longer steam
treatment favored graphitization (R2 = 0.54), which is related to a
reduction of amorphous carbon (see decrease of D3 band in Fig. 4a and
Table S1). The highest graphitization of MCA@900_20 is beneficial since
it entails a greater conductivity, which promotes a better current dis-
tribution in the corresponding GDEs.

The second order Raman signals (2400-3200 cm'l) were broad and
overlapped (Fig. 4a). By prolonging the steam treatment, the profile
became more defined, and the resulting bands could be attributed to
overtones and a combination of vibration modes (Fig. 4b). Two bands, at
~2700 and ~2900 cm'l, can be associated to 2*D1 overtone and a (D1
+ G) combination, respectively (Daniel et al., 2018). No further infor-
mation about the graphitization degree was obtained and stacking of
graphene layers can be obtained from 2D1 and D1 + G bands due to the
poor resolution (Bokobza et al., 2015).

The Raman analysis seems to inform quite clearly about the presence
of amorphous carbon in all the samples. This was further confirmed by
XRD analysis, which yielded similar diffraction patterns for all the ma-
terials, as exemplified in Fig. S3 for the untreated and MCA@900_20
samples. It is possible to observe only broad bands, with maxima at 26
around 22.8° and 43.5°, which account for highly disordered graphite
(002) and (1 01) reflections (JCPDS, Card No. 75-1621). Worth
noting, there is a downward shift as compared to a perfectly crystallized
graphite, which can be related to an expansion of the interlayer distance
and small crystallite size, as confirmed by the increase of the full width
at half maximum (FWHM) along with the decrease of the diffraction
angles. It can then be said that the carbon remains in a form very similar
to an amorphous carbon notwithstanding the steam treatment, which
however allows the decrease of the background, eventually exalting the
graphite reflections.

3.2. Ability of the agarose-derived GDEs to electrogenerate H2O2

The RRDE technique is widely employed to quantify the catalysts
H,0; activity and selectivity (Xia et al., 2020). In Fig. S4a and b, the ring
and disk currents recorded for the four materials are depicted within the
scanned potential range. Several relevant electrochemical parameters
determined from these voltammograms are summarized in Table S2.
Being Ej,» and jx good descriptors for the catalytic activity, it can be
observed that even the shortest steam treatment (5 min) is able to cause
a remarkable improvement in the electroactivity (as deduced from the
much more positive E; /5 and much greater ji), which agrees with the
almost 2-fold increase of S, (Table 1). Longer steam treatments did not
exert such a significant impact on these parameters, although it is clear
that the MCA@900_20 catalyst has the most positive E;,5 and all the
activated materials have an E;,; that is more positive than that
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Fig. 4. (a) Experimental Raman spectra of all the MCA@900 catalysts described in Fig. 2. (b) Deconvolution of D and G spectral regions for the MCA@900_5 catalyst.
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determined for chitosan-derived N-doped carbon (Ej» = 0.437 V)
(Daniel et al., 2020). It is worth noting that the voltammetric curves of
Fig. S4, especially those from the activated catalysts, show a two-step
process, meaning that a first reduction yields HpOy from O;. The
¥Yu,0,, defined by the ring current, finds its maximum at 0.6 V, attaining
the highest value near 40% for the MCA@900_20 catalyst. Worth
mentioning, this value is significantly better than 25% determined for
chitosan-derived N-doped carbon (Daniel et al., 2020), which allows
expecting a superior performance during bulk electrolysis (see below in
this subsection).

To complete the previous results, single GDEs were subsequently
prepared with each synthesized electrocatalyst in order to assess their
ability to accumulate HyO, in an undivided cell for 360 min under
different conditions. Fig. 5a-d illustrate the evolution of the H,O5 con-
centration in 0.050 M NaySO4 solutions at pH 3.0 using the MCA@900,
MCA@900_5, MCA@900_10 and MCA@900_20 catalyst. First, one can
realize that the electrogeneration was feasible with all the synthesized
carbons. In the EO-H,0, trials (i.e., without Fe?"), which were carried
out at three j values, a gradual accumulation of the oxidant with the
electrolysis time can be observed. At each j, the profiles were linear
during the first minutes. This can be explained by the predominance of
the electrogeneration reaction (5), giving rise to the greater HyOq
accumulation despite its natural self-decomposition in the bulk and its
partial destruction via cathodic reduction. Afterwards, the HyO2 con-
centrations tended to stabilize over time. The destruction rate of HyO5 in
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that stage, feasible in the undivided cell via anodic oxidation to yield
HO,°®, progressively acquired more importance and could finally balance
the cathodic production rate (Salmeron et al., 2019; Alcaide et al.,
2020). The concentration plateau is more or less evident depending on
the cathode material and the j value. For example, using the MCA@ 900
electrocatalyst (Fig. 5a), a gradually higher accumulation of 5.1, 14.0
and 20.3 mM was achieved at 360 min when j was increased from 10 to
30 and 60 mA cm2, respectively. This type of enhancement at greater j,
arising from the acceleration of reaction (5), can also be observed for the
other three electrocatalysts (Fig. 5b-d).

The accumulation of HyO> is not a goal in itself in this work, because
it is considered a mild oxidant against organic pollutants (Brillas et al.,
2009). Therefore, its decomposition under EF conditions (i.e., in the
presence of 0.50 mM Fe?* as catalyst) was investigated at 10 mA cm™.
Using the MCA@900 catalyst-derived GDE, the final accumulated HyO4
concentration was 2.4 mM (Fig. 5a), which is half of the above-
mentioned value obtained in EO-H50,. This remarkable decrease of
about 50% can be seen for all catalysts (Fig. 5b-d), becoming a clear
evidence of the occurrence of Fenton’s reaction (1) and hence, of the
*OH production. Note that the amount of accumulated H2O3 in these EF
systems agrees with the values reported in analogous setups in which a
commercial GDE was employed (< 10 mM at 10-30 mA cm?) (Coria
et al., 2016; Steter et al., 2016).

The reduction in the final HyO, concentration was even more pro-
nounced under PEF conditions (i.e., with 0.50 mM Fe®** and solution
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Fig. 5. Evolution of H>O, concentration during the electrolysis of 150 mL of a 0.050 M Na,SO4 solution at pH 3.0 and 25 °C, using a cell with a RuO,-based anode
and a GDE as cathode prepared with (a) MCA@900, (b) MCA@900_5, (¢) MCA@900_10 and (d) MCA@900_20 electrocatalysts. Process: EO-H,05 at (.) 10 mA cm’
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irradiation with a 6 W UVA lamp), regardless of the carbon material. At
10 mA cm, the use of the MCA@900 catalyst led to a profile similar to
that shown in EF, but the lowest H,O5 content (1.9 mM) was determined
at 360 min (Fig. 5a). This is a positive finding, since it corroborates the
existence of additional routes that promote the H,O5 decomposition via
reaction (1). In particular, the UVA photons (A = 360 nm) stimulated
the continuous Fe?t regeneration from photo-Fenton reaction (2), thus
feeding the Fenton’s reaction to eventually produce more *OH (Moreira
et al., 2017; Ye et al., 2020d).

The influence of the textural properties on the ability of the GDEs to
produce H,05 can be better understood by assessing the result of the
same type of experiment but using different electrocatalysts. Comparing
the profiles of Fig. 5a-d, the benefits derived from a larger porosity are
highlighted, i.e., a greater surface area and a higher volume of micro and
mesopores. As an example, in EO-H30,, the MCA@900- and
MCA@900_5-derived GDE:s clearly yielded close HoO; trends at each j
value tested; however, a significant upgrade was achieved using the two
samples steamed for longer time, especially the MCA@900_20. After
360 min at 10 mA cm™2, the H,0, concentrations attained were 5.1, 6.0,
10.9 and 13.5 mM with the MCA@900, MCA@900_5, MCA@900_10
and MCA@900_20 electrocatalyst, respectively. Based on Table 1, it can
be deduced that the V;, had a greater influence on the catalyst electro-
activity for oxygen reduction, since this parameter changes more sub-
stantially than V,, and Sgsprr when comparing the first three catalysts
with MCA@900_20. It can thus be concluded that the greater meso-
porosity was the key parameter to explain the superiority of the latter
catalyst, whose better performance was confirmed in EF and PEF as well.
The beneficial effects of mesoporosity on the activity and selectivity of
the carbon electrocatalysts agree with those reported by other authors
(Fellinger et al., 2012; Park et al., 2014).

The largest proportionality between the applied j and the accumu-
lated Hy0, was clearly obtained when the MCA@900_20 electrocatalyst
was used. In EO-H,0, at 60 mA cm'z, the final HyO5 contents raised
from 20.3 to 22.5, 33.3 and 58.4 mM as the steam treatment became
longer (Fig. 5a-d). The 6-fold increase in input current (i.e., from 10 to
60 mA cm?) caused a 4.3-fold enhancement in H,O, concentration at
360 min, being lower for the other GDEs. In fact, the difference in the
final HyO, concentration attained with each material became more
significant as the current density was increased. At 60 mA cm?, the
MCA@900_20-derived GDE clearly outperformed the others, suggesting
a comparatively greater stability of this electrocatalyst as the electrolytic
conditions become more aggressive. This can be related to the textural
properties, because a higher mesoporosity (i.e., greater presence of more
open pores as compared to samples steamed for shorter time) facilitates
the passage of oxygen gas through the GDE, thus preserving its me-
chanical stability.

The excellent electrogeneration ability of the synthesized carbons, in
particular the one steamed for 20 min, is also reflected in the corre-
sponding time course of the current efficiency (Fig. S5a-d), determined
from Eq. (6). A common feature in the profiles of the four materials is the
decay of the efficiency during the electrolysis. The maximum CE values
were found after 30-60 min in EO-Hy05 process at 10-30 mA em?,
attaining 41.0%, 44.7%, 74.5% and as much as 95.3% with the
MCA@900 (Fig. S5a), MCA@900_5 (Fig. S5b), MCA@900_10 (Fig. S5¢)
and MCA@900_20 (Fig. S5 d), respectively. Thereafter, a moderate
decay led to 22.7%, 26.8%, 48.8% and 60.5% at 360 min, in agreement
with the loss of HyO2 accumulation rate due to the enhanced parasitic
reactions (Fig. 5a-d). Note that the two latter samples still kept a high
efficiency, which informs about their suitability for undertaking long
treatments. For the most efficient electrocatalyst (MCA@900_20), the
CE at 360 min decreased from 60.5% to 48.7% and 43.4% at 10, 30 and
60 mA cm2, respectively. This means that, despite the faster rate of
reaction (5) caused by the increasing j (Fig. 5a-d), the aforementioned
reactions that partly wasted the generated HyO» also became more sig-
nificant and hence, j = 10 mA cm was chosen as the optimum value for
all subsequent trials. On the other hand, as commented above, the
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largest difference in efficiency between MCA@900_20 and the other
catalysts was found at 60 mA cm%, since the CE at 360 min for these
other materials could only reach half of the value or less, which confirms
the greater stability of the MCA@900_20 in addition to its greater
electroactivity. These findings allow corroborating the viability of
agarose as the carbon source and steam treatment as a method to
improve the textural properties, which have direct impact on the resis-
tance of the material and its ability to promote reaction (5) over para-
sitic reactions.

In agreement with the higher destruction of HyO2 shown in EF and
PEF (Fig. 5d), the accumulation efficiency using the MCA@900_20-
derived GDE decreased down to 31.8% and 25.1% at 360 min,
respectively.

In order to contextualize the H,O5 concentrations and current effi-
ciencies obtained, several comparisons can be made. Fig. S6a shows the
accumulation profiles in EO-H203 trials at the three j values using a GDE
prepared with commercial carbon black-PTFE electrocatalyst from
BASF, also on carbon cloth. At each j, the trend was very similar to that
reported with the MCA@900_20 in Fig. 5d, attaining 13.1, 36.9 and
57.7 mM H30, at 360 min as j was increased. Accordingly, the CE at
10 mA cm? was 58.3%, close to 60.5% for the agarose-derived GDE
(Fig. S5d). However, note that at short time the efficiency with the
commercial GDE was quite lower (75.2% at 30 min, instead of 95.3%
shown in Fig. S5d). Some comparison can be made with values reported
in the literature as well. For example, Garza-Campos et al. (2018) pre-
pared GDEs with mesoporous carbons synthesized from
resorcinol-formaldehyde mixtures, attaining 10.9 mM H,0, after
240 min at 150 mA cm™ in 0.1 M NaySO, at pH 3.0. The current effi-
ciency was around 50% at 30 min. At that time, the CE was 75% at
50 mA cm'z, which is lower than the values obtained in this work (CE >
80% can be inferred at j < 60 mA em?in Fig. S5d). Other studies made
the HyO5 electrogeneration at pilot scale employing commercial GDEs
prepared with carbon black. Using 25 L of a 0.050 M NaySO4 solution at
pH 3.0, 0.6 mM H50, (vs 5.2 mM in this work) were measured after
30 min at 30 mA cm™ (Salmeron et al., 2019). In conclusion, the effi-
ciencies achieved with the agarose-derived GDEs are similar to those
reported for carbons not synthesized from biomasses, or even higher
(Zhang et al., 2020). The most important observation is, in any case, that
the agarose-derived GDEs are a promising alternative, especially those
from MCA@900_20, to produce enough H,05 that can promote the EF
and PEF treatments.

3.3. Acebutolol degradation in sulfate medium using agarose-derived
GDEs

The viability of PEF process to remove 0.046 mM acebutolol from
0.050 M NaySO4 solutions with 0.50 mM Fe?* at pH3.0and 10 mA cm™?
is compared in Fig. 6a, considering each of the four agarose-derived
GDEs. Complete drug removal was achieved in all cases within few
minutes, which was possible due to: (i) the continuous Fe?* photo-
regeneration via reaction (2), which produced *OH and fed Fenton’s
reaction (1), and (ii) the contribution of M(*OH) formed from reaction
(3). The required time for overall abatement decreased from 20 to 18, 14
and 10 min employing the MCA@900-, MCA@900_5-, MCA@900_10-
and MCA@900_20-derived GDE, respectively. This confirms that the
superior ability of the latter to electrogenerate HyO (Fig. 5a-d) had key
influence on the *OH generation from Fenton’s reaction (1), since the
faster HoO formation allowed the consumption of Fe?* immediately
after its regeneration, thus preventing its natural oxidation to the less
active [Fe(OH)]?t. The inset panel of Fig. 6a shows the corresponding
pseudo-first-order kinetic analysis (R > 0.97 in all cases), yielding ki-
netic constants (k;) that increased as: 0.159 min' < 0.201 min’!
< 0.270 min! < 0.477 min’. Such linear profiles prove that the great
oxidation power of PEF process arises from its ability to maintain a
constant and sufficiently high concentration of strong oxidants, in
particular hydroxyl radicals, thanks to the participation of UVA photons.
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Fig. 6. (a) Time course of normalized acebu-

c/c¢

tolol concentration during the PEF treatment of
150 mL of solutions containing 0.046 mM drug
(10 mg Lt TOG), 0.050 M NaySO, and 0.50 mM
Fe?t at pH 3.0, 10 mA cm™? and 25 °C, using a
cell with a RuO,-based anode and a GDE as
cathode prepared with () MCA@900, ( )
MCA@900.5, (/\) MCA@900_10 and ([>)
MCA@900_20 electrocatalysts. In all trials, the
solution was irradiated with a 6 W UVA lamp.
The inset panel shows the corresponding
pseudo-first-order kinetic analysis. (b) Change
of normalized TOC with electrolysis time for the
same trials.

4 8

20 24

TOC/TOC,

0.0

60 120 180 240

Time (min)

PEF clearly outperformed other widely used processes such as EO-
H20; and EF, as can be seen in Fig. S7a. Despite using the best GDE,
derived from the MCA@900_20 carbon, a much slower drug disap-
pearance was obtained. In EO-H30,, acebutolol degradation was only
partial, reaching 34% at 120 min, owing to the absence of *OH in the
bulk. Hence, the drug destruction was limited to the anode surface,
where the adsorbed RuO,(*OH) was formed via reaction (3). Since this
radical interacts strongly with the anode surface, its reactivity is rather
low (Martinez-Huitle et al., 2015; Lanzalaco et al., 2017). In EF, this
adsorbed radical was also present, but the degradation was drastically
upgraded because of the occurrence of Fenton’s reaction (1). The drug

300

10

360 420

concentration was totally eliminated at 20 min, thus being much slower
than PEF due to the slow regeneration of Fe>™ at GDE (Brillas et al.,
2009). In these two processes, the concentration decays also yielded
pseudo first-order rate constants (linear plots with R? > 0.99). They
were lower than that determined in PEF, with 3 x 10 min™ in EO-H,0,
and 0.374 min™! in EF, as expected from the smaller availability of hy-
droxyl radicals.

In Fig. 6b, the normalized TOC decays with time for the same trials of
Fig. 6a are depicted. The mineralization power of PEF followed the same
sequence described for the drug concentration decays, with increasing
TOC removals of 73%, 76%, 83% and 90% TOC at 360 min using the
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MCA@900-, MCA@900_5-, MCA@900_10- and MCA@900_20-derived
GDE, respectively. Again, the enhanced textural properties of the elec-
trocatalysts provided by prolonged steam treatment became funda-
mental. The large mineralization percentages can be accounted for by
the aforementioned Fe?* photoregeneration under UVA light, ending in
a greater production of *OH from reaction (1) that can gradually destroy
the reaction products. This occurred in concomitance with the photo-
degradation of refractory Fe(Il) complexes, typically formed with
aliphatic molecules like R-COOH as the aromatic structures are broken
(Steter et al., 2016; Ye et al., 2019b). An example of this kind of
photoreaction is (Brillas et al., 2009; Brillas, 2020):

Fe(OOCR)** +hv—Fe’t+CO,+R® (10)

Note that an additional positive feature of reaction (10) is that it
constitutes an additional source of regenerated Fe?*, thus contributing
to Fenton’s reaction (1). For comparison, heterogeneous photocatalysis
with TiO5 yielded 75% mineralization at 240 min (Pistkova et al., 2015),
whereas at that time the use of MCA@900_20-derived GDE had caused
an abatement of 80% (Fig. 6b).

The MCE for the trials of Fig. 6b was calculated from Eq. (7),
considering the total mineralization reaction (8) for acebutolol. The
transformation of its initial N atoms into NH,; " ion was hypothesized and
later confirmed (subsection 3.4). Fig. S8a reveals that the PEF treat-
ments presented the greatest efficiencies at the beginning (30-60 min),
attaining 12.6%, 15.5%, 19.4% and 33.0% with the MCA@900-,
MCA@900_5-, MCA@900_10- and MCA@900_20-derived GDE, respec-
tively. The most efficient treatment involved the latter material, as ex-
pected from the more effective TOC abatement (Fig. 6b). Thereafter, all
the MCE values decreased down to close values around 7-8% at
360 min. This means that once the initial products (usually aromatic, as
shown below) disappear, the mineralization rate is controlled by the
destruction rate of the refractory aliphatic products. These are less
dependent on the applied current (i.e., the amount of *OH and RuOx(-
*OH) formed) and are pre-eminently degraded by UVA photons, as
exemplified in reaction (10). Since the irradiation was the same in the
four PEF experiments, it is coherent that the MCE tended to become
equal and independent of the type of GDE. An additional reason to
justify the MCE decays is the loss of organic matter content, which en-
hances the waste of oxidants in self-decomposition reactions (Brillas
et al., 2009; Martinez-Huitle et al., 2015). As a result of the efficiency
loss, the energy consumption became progressively higher over time.
This is evident in Fig. S8b, which shows the increasing ECroc values,
determined from Eq. (9) with an average Ec. of 3.8 V at 10 mA em2,
Close values around 0.5-0.6 kWh (g TOC)! were attained at 360 min in
all cases, in agreement with the MCE similarity at the end of the elec-
trolysis (Fig. S8a). The lowest ECroc was associated with the PEF
treatment with the MCA@ 900_20 catalyst, which is another interesting
result from an application point of view.

From Fig. S7a, it was discussed that PEF with MCA@900_20 was
superior to EO-H20; and EF to degrade acebutolol. Such superiority was
confirmed for the drug mineralization, as evidenced in Fig. S7b. A very
poor TOC removal was achieved in EO-H30,, reaching only 22% at
360 min. This can be explained by the low oxidation power of RuOx(-
*OH), which is unable to destroy most of the refractory aliphatic prod-
ucts generated upon acebutolol cleavage. The mineralization was
enhanced in EF thanks to the contribution of *OH in the bulk, although
the TOC abatement at 360 min was only 62%. This value was worse than
those obtained in PEF regardless of the GDE. The main reason was the
accumulation of stable Fe(IlI) complexes with the refractory aliphatic
compounds, being quite resistant to *OH and RuO5(*OH) (Coria et al.,
2016; Thiam et al., 2018). Based on these data, lower efficiencies were
determined in EO-H50, (decreasing from 5.4% down to 2.0%) and EF
(decreasing from 15.1% down to 5.5%) as compared to PEF (Fig. S9a vs.
Fig. S8a). Accordingly, higher ECroc values were required (0.70 and 1.8
kWh (g TOG)}, respectively, at 360 min), as shown in Fig. S9b.

11

Journal of Hazardous Materials 423 (2022) 127005

GDEs made with mesoporous carbons synthesized from chemicals
were also employed in PEF trials with sunlight to treat 200 mL of
50 mg L1 amoxicillin (Garza-Campos et al., 2018). The authors ach-
ieved the complete drug removal within 20 min using the optimum
GDE. However, an incomplete TOC removal of 85% was reached at
240 min despite applying a very high j of 150 mA ecm™.

3.4. Acebutolol degradation in CI” medium and urban wastewater using
agarose-derived GDEs

The influence of an electroactive anion like C1~ was investigated by
electrolyzing 0.046 mM acebutolol (10 mg L™! TOC) solutions in three
different media with same conductivity as the 0.050 M Na3SO4 solution
treated in subsection 3.3: 0.025 M NaySO4 + 0.035 M NaCl, 0.070 M
NaCl and urban wastewater. The cell was equipped with a RuOs-based
anode and a GDE prepared with the MCA@ 900_20 electrocatalyst, and j
was 10 mA cm2. Note that the actual wastewater contained 10.4 mg L'
TOC from NOM components and hence, the initial TOC in the related
trials was 20.4 mg L1. Moreover, NayS04 was added at 0.050 M as an
inert electrolyte in that water sample, aiming to ensure the same con-
ductivity and discard that the possible matrix effects observed were due
to a different transport by ion migration.

Fig. 7a shows the decay of the normalized acebutolol concentration
over time during PEF treatments in the three matrices at pH 3.0. The
complete drug disappearance required 20 min in pure chloride, 30 min
in the mixed medium and up to 60 min in wastewater. All the removals
were thus slower than that found in pure sulfate (10 min, Fig. 6a). This is
corroborated by the good linear profiles resulting from the pseudo-first-
order kinetic analysis R?> 0.99, see inset). The ki-values decreased as:
0.166 min' > 0.112 min’! > 0.072 min’l, in the three media described.
These rate constants were much lower than 0.477 min"! determined in
pure sulfate (Fig. 6a), which informs about the detrimental effect of C1~
ion. In 0.070 M NacCl, active chlorine (HCIO as predominant species at
pH 3.0) was produced from anodic Cl~ oxidation via reaction (4). This is
known to be a strong oxidant that can contribute to the oxidation of
aromatic pollutants (Steter et al., 2016). Nonetheless, ClI~ oxidation
competes with HoO oxidation, thus reducing the amount of the more
powerful oxidant RuO,(*OH) generated via reaction (3). In addition,
RuO,(*OH) and °OH that are typically abundant in PEF were partially
destroyed upon reaction with Cl~, yielding less powerful radicals like
Cl°, CIOH®", Cly*~ (Steter et al., 2016). One could argue that in the
presence of Fe*, a Fenton-like reaction with HCIO might also yield *OH
(Steter et al., 2016), but its contribution seems of minor importance
based on the rather slow acebutolol removal. In the SO42’/ Cl™ mixture,
the performance of PEF was even worse because the hydroxyl radicals
were partially destroyed, as just commented, and their disappearance
could not be counterbalanced by the production of sufficient amounts of
chlorine. Finally, the slowest drug degradation occurred in urban
wastewater because of the negative effect of: (i) C1”~ ion, as explained for
the two synthetic matrices; (ii) well-known radical scavengers like
C032’ and HCO3~, which consumed RuO»(*OH) and *OH to yield the
milder CO3*~ (Ye et al., 2020a); and (iii) NOM components, which
partially consumed the oxidants and UVA photons. Note also that the
slightly lower transparency of the wastewater also affected negatively to
acebutolol degradation, since it decelerated the photo-Fenton reaction
(2).

The morphological characterization of the GDE employed for the PEF
treatment in actual wastewater (Fig. 7d) can be observed in Fig. S10. The
pristine material shows a reasonably good coating of the carbon cloth
fibers, only exhibiting some partially uncoated ones that gives rise to the
mixture of micropores and mesopores mentioned above (Fig. S10a). The
electrode collected at the end of the electrolysis had a very different
aspect. As shown in Fig. S10b, the continuity of the carbon film has been
lost, leaving many uncoated or partially coated fibers. Despite this
apparent surface degradation, the GDE was re-used with no significant
change in the process performance.
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Fig. 7. (a) Time course of normalized acebutolol concentration during the PEF treatment of 150 mL of solutions containing 0.046 mM drug (10 mg L TOC) and
0.50 mM Fe?* at pH 3.0, 10 mA cm? and 25 °C, using a cell with a RuO,-based anode and a GDE as cathode prepared with the MCA@900_20 electrocatalyst.
Medium: (()) 0.025 M NaySO, + 0.035 M NacCl, ([_]) 0.070 M NaCl and (\/) actual wastewater (10.4 mg L'} TOC from NOM) with 0.050 M Na,SOy4. In all trials, the
solution was irradiated with a 6 W UVA lamp. The inset panel shows the corresponding pseudo-first-order kinetic analysis. Accumulated concentrations of (b) H2O5
and (c) active chlorine vs. time in the two synthetic media. (d) Change of normalized TOC with electrolysis time for the trials shown in plot (a).

Fig. 7b and c show the time course of accumulated H>0, and active
chlorine in the two synthetic media. Residual amounts of both oxidants
remained in solution throughout all the electrolyses, which ensured that
sufficient amounts were electrogenerated at 10 mA cm™2 from reactions
(5) and (4), respectively. HyO, concentration reached 1.5 mM in the
mixed medium and 0.08 mM in pure chloride. The much lower accu-
mulation as compared to that in sulfate medium (Fig. 5d), which was
more evident in 0.070 M NacCl, was due to its partial destruction upon
reaction with HCIO (Steter et al., 2016). For this same reason, the active
chlorine concentration in Fig. 7c was lower than expected, attaining
0.03 and 0.28 mM, respectively. The great chlorine consumption ex-
plains why this oxidant could not ensure a faster acebutolol removal
(Fig. 7a).

The mineralization trends for the same three trials can be seen in
Fig. 7d. At 360 min, the TOC removals were poorer than that in sulfate
with MCA@900_20 (90%, Fig. 6b), owing to the smaller quantity of
oxidants available upon occurrence of the various wasting reactions.
Therefore, TOC was abated by 68% in the mixed medium and 45-47% in
pure chloride and wastewater. The formation of relatively stable chloro-
organics (see below) can be responsible for the poorer mineralization.
Considering the very low input current, however, the percentage of TOC
removal was quite good, since a higher j could be employed to obtain
more rapid and quantitative abatements. The MCE and ECro¢ profiles
for the trials in the two synthetic media are evidenced in Fig. S11a and b,
respectively. As presumed, a lower MCE and higher ECroc were
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determined in comparison with PEF trial in Na;SO4 for the same type of
GDE.

Analogous treatments of acebutolol in wastewater were also carried
out in the dark with the MCA@900_20-derived GDE. Fig. S12 shows the
much slower drug removal in EO-H305, only achieving 30% at 120 min
(k1 =3 x 107 min’l, see inset panel). The main oxidant under these
conditions was expected to be active chlorine, but it was significantly
destroyed by Hy0,, leading to a partial concentration decay. The
degradation rate was much higher in EF thanks to the *OH produced in
the bulk, although it was halved as compared to PEF (k; = 0.036 min’!,
with 120 min needed for 100% removal). Poor final TOC removals were
observed in both cases (7% and 25%, respectively), thus corroborating
the evident superiority of PEF process.

The degradation products arising from PEF treatment of solutions
containing 0.046 mM drug (1) in 0.025 M NaySO4 + 0.035 M NaCl
medium with 0.50 mM Fe?" at pH 3.0, 10 mA cm and 25 °C, using a
cell with a RuOj-based anode and a GDE prepared with the
MCA@900_20 electrocatalyst were analyzed by GC/MS. Two samples
were collected during the electrolysis, at 20 and 60 min.

Fig. 8 shows that the reaction of 1 with active chlorine, *OH and
RuO4(*OH) yielded the following 12 products (main fragment ions are
given), distributed in three families: (i) three non-chlorinated mono-
benzenes, such as 1-(2-hydroxy-5-nitrophenyl)ethan-1-one (2) with m/z
181, 5-hydroxy-2-methoxybenzoic acid (3) with m/z 168 and 2’°,5’-
dihydroxyacetophenone (4) with m/z 152; (ii) six chlorinated
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Fig. 8. Organic products of acebutolol detected by GC/MS in samples collected during the PEF treatment in 0.025 M Na;SO4 + 0.035 M NaCl using a GDE as cathode

prepared with the MCA@900_20 electrocatalyst.

monobenzenes, including monochlorinated ones like 5-chloro-2-
methoxybenzoic acid (5) with m/z 186, 5-chloro-2-hydroxybenzoic
acid (6) with m/z 172, 2-chlorobenzene-1,4-diol (7) with m/z 144 and
4-chloroaniline (8) with m/z 127, as well as the two di/trichlorinated
ones like 2,5-dichlorobenzene-1,4-diol (9) with m/z 178 and 3,4,5-tri-
chlorobenzene-1,2-diol (10) with m/z 212; and (iii) three aliphatic
molecules, derived from the butanamide side chain of 1, including
butanamide (11) with m/z 87, butanoic acid (12) with m/z 88 and
acetamide (13) with m/z 59. The formation of the organochlorinated
compounds agrees with the poorer TOC removal in the Cl™-rich matrices
(Fig. 7d).

In order to quantify the main final products, PEF treatment of more
concentrated (0.138 mM) acebutolol solutions was performed in
0.025 M NasSO4 + 0.035 M NaCl at 10 mA cm? using the best elec-
trocatalyst. In Fig. 9, the evolution of the concentration of two short-
chain carboxylic acids is depicted. Oxalic acid reached its peak of
0.55 mg L'! at 60 min, whereas that of maleic acid was 0.17 mg L at
120 min. Thereafter, their total disappearance occurred at 240 and
360 min, respectively, thanks to the photodecarboxylation reaction
(10). This means that other products like the aliphatic compounds
detected by GC/MS accounted for the residual TOC shown in Fig. 6b.
Fig. 9 also shows the time course of ammonium as sole nitrogenated ion
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Fig. 9. Evolution of the concentration of () ammonium ion and () oxalic and ( A) maleic acids during the PEF treatment of a 0.138 mM acebutolol solution with
0.025 M NaSO4 + 0.035 M NaCl and 0.50 mM Fe?" at pH 3.0, 10 mA cm? and 25 °C, using a cell with a RuO,-based anode and a GDE as cathode prepared with the

MCA@ 900_20 electrocatalyst. The solution was exposed to UVA light (6 W lamp).
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in the same trial (see reaction (8)), since no nitrate or nitrite were
identified. A steep production rate can be seen within the first hour, in
agreement with the lack of N in most of the aromatic structures formed
(Fig. 8). After that, the concentration increased more gradually up to
0.55 mg L'! at 360 min. A plateau was not achieved, which means the
remaining N-products (as for example the aliphatic compounds 11 and
13 of Fig. 8) became a source of ammonium. A nitrogen balance suggests
that 11% of N in acebutolol was converted into dissolved N as ammo-
nium. Hence, the rest of N yielded organic N-products and, probably, N-
containing gases.

4. Conclusions

This research constitutes a step forward toward the devisal of a fully
sustainable electrochemical treatment of organic pollutants in water.
Agarose, an abundant and cheap biopolymer, was proven to be a suit-
able source of metal-free mesoporous carbon electrocatalysts. The
textural properties of pyrolyzed agarose, i.e., surface area and Vi,/V,
ratio, were enhanced upon steam treatment. At an optimum duration of
20 min, the resulting MCA@ 900_20 carbon had a maximum area
(1248 m? g'l) and mesoporosity (Vy, = 0.345 cm® g'l). GDEs were then
prepared with the obtained electrocatalysts to accumulate HyO9. With
MCA@ 900_20, a current efficiency of 95.3% was reached at 30 min,
outperforming a commercial GDE (75.2%). The agarose-derived elec-
trocatalysts maintained an excellent performance upon prolonged
electrolysis, showing a final efficiency close to that of commercial GDE
(~60% at 360 min). The superior ability of the MCA@ 900_20-derived
GDE to produce Hy05 as compared to the other GDEs led to a much faster
acebutolol removal in PEF process. Only 10 min were needed for total
degradation in sulfate medium, with 90% mineralization. EO-H205 and
EF yielded slower removals, poorer TOC abatements, lower MCE and
higher ECyoc, owing to the absence of UV photons required to regen-
erate Fe2t, produce more *OH and photodecarboxylate refractory Fe(III)
complexes. The drug removal was complete in synthetic media as well as
in urban wastewater, with rate decreasing as: pure Cl~ > S042~/Cl~ >
wastewater. A positive impact of active chlorine to oxidize acebutolol
was observed. The formation of up to six chloro-organics in Cl™-con-
taining medium limited the mineralization, but almost 50% TOC dis-
appeared at 360 min in urban wastewater. The monobenzenes were
progressively transformed into aliphatic products, including carboxylic
acids, whose complexes with Fe(III) were totally photodecomposed. In
conclusion, the in situ electrogeneration of HyO2 is a great advantage of
EF and PEF over non-electrochemical Fenton-based processes, but its
viability was considerably enhanced as the cathode was prepared from
biosources.
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