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Abstract

A novel strategy to intensify the degradation and mineralization of the antibiotic drug
metronidazole (MNZ) in water with simultaneous production of renewable electrical energy was
achieved in photo-assisted microbial fuel cells (MFCs). In this system Mo and W catalytic species
immobilized onto a graphite felt cathode intensified the cathodic reduction of MNZ under anaerobic
conditions and the oxidation of MNZ under aerobic conditions. The aerobic oxidation process was
further accelerated in the presence of Fe(lll), realizing a combined photo-assisted MFCs and
Fenton-MFCs process. The highest rates of MNZ degradation (94.5 + 1.4%; 75.6 £ 1.1 mg/L/h) and
mineralization (89.5 + 1.1%:; 71.6 + 0.9 mg/L/h), and power production (251 mW/m?; 0.015 kWh/m>;
0.22 kWh/kg COD) were achieved at a Mo/W loading of 0.18 mg/cm? with a Mo/W ratio of 0.17 :
1.0, in the presence of 10 mg/L of Fe(lll) and at an incident photon flux of 23.3 mW/cm?.
Photo-generated holes were directly involved into the oxidation of MNZ under anaerobic conditions.
Conversely, under aerobic conditions, the photo-generated electrons favored the production of Oy
over *OH, while in the presence of Fe(Ill), *OH was predominant over O+, explaining the
intensification of the MNZ mineralization observed. This study demonstrates an alternative and
environmentally benign approach for the intensification of the removal of the antibiotic MNZ in
water and possibly other contaminants of emerging concern by combining photo-assisted MFCs and
Fenton-MFCs in a single process with simultaneous production of renewable electrical energy.
Keywords: photo-assisted microbial fuel cell; Fenton-microbial fuel cell; W and Mo catalysts;

metronidazole; degradation; mineralization



1. Introduction

The widespread use of the antibacterial and antiprotozoal metronidazole
(2-methyl-5-nitroimidazole-1-ethanol, MNZ) in human and veterinary medicine has
raised concerns over the impact of this drug on the aquatic environment. In fact,
residual concentrations of MNZ have been frequently detected in hospital effluents,
wastewater, surface water and groundwater [1-3]. Furthermore, the occurrence of
MNZ in the environment leads to the development of MNZ-resistant bacteria, causing
the loss of the therapeutic properties of the drug. The elimination of the antibiotic
MNZ from water system is therefore an important issue considering its toxicity,
potential mutagenicity and carcinogenicity [1-3].

A range of treatment methods have been proposed for the treatment of MNZ
wastewater including adsorption, biological method, electrochemical reduction, and
reduction on nanoscale zero-valent iron [2,4-6]. However, all the above methods have
drawbacks. The adsorption process only transfers the contaminants from the water to
a solid phase without further degradation, the biological method usually requires long
treatment periods, zero-valent iron reduction leads to the formation of sludge and
refractory intermediates, while electrochemical processes usually require large energy
consumption. In consequence, the further development of effective, environmental
friendly and cost-effective strategies for the treatment of MNZ wastewater are
required.

Advanced oxidation processes have been proposed for the degradation of MNZ

in water [3,7-18]. Different photocatalysts including TiO, [3], Ag/ZnO [7],



ZnSn03/Zn0/nano-ZnO [13-14], ZnS-NiS/zeolite [15], TiO./ZnIn,S, [16], and
Fe’/graphene-TiO, [12] have been developed for the degradation and mineralization
of MNZ via the oxidizer of superoxide radical (O,¢") or photo-generated holes. The
photo-Fenton process in the presence of iron species and H,O, also mineralizes MNZ
through the «OH radicals produced from the decomposition of H,O, (Egs. 1-2) and
the photoreduction of iron species (Egs. 3-4) [10]. The need for external dosing of
H,0,, however increases the operating and maintenance costs of this technology [11].
Electron-Fenton and photo-electro-Fenton processes using graphite-based electrodes
and Pt catalyst can in-situ produce H,0- (Eq. 5) and degrade MNZ through <OH (Egs.
1-6) [9,17-18]. However, the large external energy consumption and the use of
expensive catalysts limit their practical application. In general, further research on
cost effective, efficient and sustainable processes is required to intensify the rate of

degradation and mineralization of MNZ and of other antibiotics.

H,0, + Fe?* - OH + Fe3* + OH~ (1)
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Fe(OH)?* + hv —- OH + Fe?* (4)
0, + 2H* + 2e™ - H,0, (5
Fe3* + e~ - Fe?* (6)
photocatalyst + hv - e~ + h* (7
e”+0, - 05 - (8)
h* + H,0 > OH + H* 9)



Photo-assisted microbial fuel cells (MFCs) have recently emerged as a promising
sustainable method for the simultaneous treatment of biodegradable organic electron
donors on the anodes and recalcitrant organic electron acceptors on the cathodes in the
presence of irradiation light, with the simultaneous generation of electricity [19-21].
Another process named as Fenton-MFCs also removes many recalcitrant organics
through the in-situ generation of H,O, in the presence of Fe(lll), which produces
highly reactive *OH radicals [22-26]. In this paper we propose the integration of
photo-assisted MFCs and Fenton-MFCs in a single process, as a new effective method
for the intensification of the degradation and mineralization of recalcitrant organics.
The simultaneous production of -OH and O, and photo-generated holes in
conventional photo-electro-Fenton processes (Egs. 1-9) [27-30], will be exploited in
this new integrated process to intensify the degradation and mineralization of MNZ in
the cathodic chambers and thus the mineralization current efficiency and anodic
coulombic efficiency (CEg,) of MFCs.

A range of cathodic catalytic material have been proposed for degradation of
many organics species, such as graphite based rutile and nickel foam based TiO, in
photo-assisted MFCs [19-20,31], and carbon felt based Fe/Fe,Os, carbon nanotubes
based iron phthalocyanine, or graphite rod cathodes in Fenton-MFCs [22-26,32].
These catalytic materials absorb only a narrow range of the solar radiation spectrum
and present conduction band potentials of less than —0.54 V vs. standard hydrogen
electrode (SHE) which are lower than the theoretical electrode potential for hydrogen

evolution (-0.414 V vs. SHE). In consequence, these materials under light irradiation



may withdraw electrons for hydrogen evolution which effectively decrease the
effectiveness of the Fenton degradation process.

In sharp contrast, visible light active mixed transition metals of W-Mo oxides
exhibit a much higher conduction band potential (0.40 V vs. SHE), which can
suppress the parasite reaction of hydrogen evolution [33]. These species exhibit
excellent properties in photo-assisted catalytic processes via the generation of Oa¢’
and *OH through the reaction of in-situ produced H,O, in the presence of Fe species
[34-36]. Considering the favorable properties of graphite felt for the in-situ production
of H,0; in MFCs [22-26], in this study we propose the use of W-Mo catalytic graphite
felt cathodes to intensify the photo-assisted catalytic and electro-Fenton processes in
MFCs.

Anaerobic and aerobic conditions may influence the activity of W and Mo
catalytic species and thus the amount of O,¢” and «OH formed. In most cases, aerobic
conditions favor the mineralization of organics through the attack of either O,
produced from photo-assisted catalytic process [3,12-16] or *OH generated from
electrochemical direct oxidation, externally added H,O, in Fenton system, or in-situ
produced H,0, in electro-Fenton/photo-electro-Fenton processes [1,9,17]. Conversely,
anaerobic conditions are suitable for the electrochemical reduction of the nitro group
in MNZ to the amino group [4]. Considering the effective role played by W and Mo
catalytic species for oxygen reduction and hydrogen evolution [33-37], anaerobic
conditions may accelerate the cathodic reduction of the nitro group in MNZ.

In this study, we propose a new and effective method to intensify the degradation



and mineralization of MNZ through W and Mo catalytic cathodes incorporated in
hybrid photo-assisted MFCs and Fenton-MFCs, under anaerobic or aerobic conditions.
The impact of Mo/W loading and molar ratio were characterized and optimized to
achieve effective degradation and mineralization of MNZ. The results and overall
system performance were further explained by monitoring the CE,,, the
mineralization current efficiency, the circuital current and by linear sweep
voltammetry (LSV), cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The possible MNZ degradation and mineralization pathways were
established based on probing the reactive species generated through radical
scavenging experiments and on the analysis of the resulting reaction intermediates

obtained during the degradation and mineralization of MNZ.

2. Materials and methods
2.1 Reactor configuration

Photo-assisted, two-chamber MFCs were assembled connecting two cubic
polymethyl methacrylate blocks with an inner cylinder 3 cm in diameter. The two
chambers were separated by a cation exchange membrane (CMI-7000 Membranes
International, Glen Rock, NJ). Three-dimensional graphite felts (2.0 cm x 2.0 cm x
0.5 cm, Sanye Co., Beijing, China) served as anode and cathode electrodes [38-40].
The graphite felts at the anode were connected with a carbon rod and at the cathode
with a titanium wire, and the external circuit was closed through a 200 Q resistor. The

use of the 200 Q resistor resulted in optimal operation, in comparison to lower (10 Q)



or higher (500 Q) resistors [41-42]. With such resistor consistently higher rates of
MNZ degradation and CE,, were achieved [Fig. S1IA and D of Supporting Material
(SM)] in concert with stable higher circuital currents (Fig. S1B) and lower anode
potentials (Fig. S1C). All materials used were cleaned with the protocol described in
Wang et al [43]. The effective operating volumes of both anode and cathode were 13
mL each. A saturated calomel reference electrode (SCE, 241 mV vs. SHE) was placed
in the cathode chamber to monitor the cathode potential, with all voltages reported
here vs. SHE. The reactor anodes were wrapped in aluminum foil to exclude ambient
light irradiation.

The MFC cathode was irradiated by a 100 W iodine tungsten lamp (wavelength
range of 400 — 800 nm), positioned parallel to the electrode, at a distance of 15 cm, as
shown elsewhere [19-20]. The incident photon irradiance was 23.3 mW/cm?. The
lamp was refrigerated by a cooling-fan and the MFCs were immersed in a
thermostatic jacket, which maintained the temperature in the reaction chambers,

isothermal at 22 + 3 °C.

2.2 Anode inoculation and acclimation

The anodes were inoculated with the effluent from acetate-fed MFCs with an
equivalent volume of nutrient solution, as previously reported [43-44]. The anodic
medium contained (g/L): sodium acetate 1.0, KH,PO, 4.4, K;HPO, 3.4, NH,CI 1.3,
KCI 0.78, MgCl;, 0.2, CaCl, 0.0146, NaCl 0.5, trace vitamins and minerals. The

catholyte used during the anode acclimation period, was a 50 mM phosphate buffer.



Both anolyte and catholyte were replaced daily. An external resistance of 1000 Q was
used during the exoelectrogen acclimation period [43-44]. The anodes were
considered fully acclimated when the anode potential stabilized at around —0.24 V for

at least three successive batch cycles [43-44].

2.3 Preparation of Mo/W coated graphite felt cathodes

Mo and W species were deposited on the graphite felt cathode through a low-cost
and facile liquid-phase electrodeposition method, which has its own intrinsic
advantages over other deposition methods requiring high temperatures and costly
equipment (e.g., vapor-phase deposition method) [45-46]. Briefly, the catholyte was
replaced by a mixture of Na,Mo0O,;-2H,O and Na,WO,-2H,O (Tianjin Bodi
Chemistry Co., Ltd., analytically pure) with each metal concentration at 200 mg/L
[44]. The length of the deposition period was varied between 0.5 h and 8.0 h to yield
different Mo/W loadings. The amount of Mo and W loaded onto the graphite felt
cathode, which varied from 0.00 to 0.48 mg/cm?, was estimated from the difference
between the initial and the residual concentrations of Mo and W in solution. Based on
the optimum Mo/W loading, cathodes with different ratios of Mo/W deposits were
prepared through adjusting the amount of Na;MoQ,-2H,0 and Na,WQ,4-2H,0 in the
initial catholyte. The initial pH of the catholyte was set at 1.5 to facilitate efficient
metals deposition [44,47]. After the completion of the metal deposition process, the
cathodes were dried and calcined at 450 °C for 2 h in air to increase their photo

response [48].



The photo-response curves were then measured in a solution of 0.1 M Na,SO, at
an illumination light intensity of 23.3 mW/cm? (wavelength range: 400 — 800 nm) to

characterize the photocatalytic properties of the electrodes.

2.4 Operation of photo-assisted MFCs with Mo/W coated graphite felt cathodes

The irradiated MFC cathodic chambers filled with 80 mg/L MNZ aqueous
solution (Tianjin Bodi Chemistry Co., Ltd., analytically pure) were operated under
either anaerobic conditions, obtained by continuous N, sparging or under aerobic
conditions through continuous air sparging, both at a rate of 80 mL/min in the
photo-assisted MFCs and Fenton-MFCs. Initial pH in the catholyte was always
adjusted to 2.0 to favor both the in-situ H,O, production [44,47] and the Fenton
oxidation reaction [11,49].

The impact of Fenton-like reacting conditions on the rate of degradation and
mineralization of MNZ, under aerobic conditions, was explored by adding Fe,(SO4)3
(Sigma-Aldrich, analytically pure) to the catholyte at different Fe dosages of 5, 10 or
15 mg/L.

The reactive species generated during the degradation and mineralization of
MNZ in the photo-assisted MFCs and Fenton-MFCs were probed through radical
scavenging experiments using ammonium oxalate (AO) for holes, isopropanol (IP) for
*OH and benzoquinone (BQ) for O+ (Tianjin Bodi Chemistry Co., Ltd., analytically
pure) [50-51].

The catalytic stability of Mo/W coated cathodes was evaluated by conducting
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cycling experiments under the same conditions without further regeneration of the
cathodes.
Control experiments in the MFCs were conducted using either the Mo/W coated

graphite felt cathodes under darkness, or with irradiated bare graphite felt cathodes.

2.5 Analytical and electrochemical methods

The concentration of MNZ was measured by UV-spectroscopy at Amax = 318 nm
using a UV-5500 PC spectrophotometer (Shanghai Metash Instruments Co., Ltd.,
China) [7,12-13,15-16]. The concentration of MNZ sampling from graphite felt
cathodes of MFCs at an operational time of 1.0 h and determined by HPLC (46.2 +
0.1 mg/L, Fig. S2A and B), matched the value determined by UV spectroscopy (46.3
+ 0.1 mg/L, Fig. S2C) (p = 0.667 > 0.05), supporting the use of UV
spectrophotoscopy for MNZ measurements.

The MNZ mineralization process in the catholyte and the organics consumed in
the anolyte were monitored through the decay of the chemical oxygen demand (COD)
[11], measured by standard methods using potassium permanganate as the oxidant
[52]. The degradation and mineralization of MNZ in the catholyte were calculated
according to Eq. (10 — 11) (%) or based on the net decrease in MNZ/COD
concentrations divided by the operational time (mg/L/h). The CE,, (%) was evaluated
from Eq. (12) whereas mineralization current efficiency (%) was calculated according
to Eg. (13) [29].

C —-C
Degradation (%) = w x 100% (10)
ca,0
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CODgqo —COD;q
COD;q

Mineralization (%) = X 100% (11)

J, 1dt
4/32 X F X (CODgno — CODgne) X Van

CEgn(%) = X 100% (12)

FXx (CODca,O — CODca,t) 2

a
x 100%(13
32/4 XXt #(13)

Mineralization current efficiency (%) =
where Cca0 (g/L) is the initial MNZ concentration in the catholyte, Cc,: (g/L) is the
MNZ concentration in the catholyte at operational time of t (s). COD¢,0 (g/L) and
CODca, (9/L) in the catholyte, and CODany (9/L) and CODan ¢ (9/L) in the anolyte are
the values of COD before and after treatment at operational time t (s), respectively.

Van (L) and V¢, (L) are the volumes of anolyte and catholyte, respectively. 1 (A) is the
circuital current. F (96485 C/mole electron) is faraday constant.

A SEM (QUANTA450, FEI company, USA) equipped with a EDS (X-MAX 20
mm?-50 mm?, Oxford Instruments, UK) was used to examine the morphologies of the
electrodes coated with W and Mo. Liquid chromatography/mass spectrometry
(LC/MS, G6224A, Agilent, USA) was used to validate the intermediate products of
MNZ degradation in the catholyte. Prior to LC/MS analysis, the aqueous samples (20
mL) were treated by solid-phase extraction using Dionex SolEx C18 columns.
The columns were previously conditioned with 5 mL methyl alcohol followed by 5
mL ultrapure water. The samples were afterwards passed through the columns and the
retained compounds were recovered by elution with 5 mL acetonitrile. The solvent of
acetonitrile  was  finally evaporated with nitrogento 1.0 mL. The LC
analysis was conducted by injecting 20 pL. samples with a mobile phase of 20 : 80
(v/v) acetonitrile/water mixture at 0.2 L/min. The MS was operated

in negative/positive mode with electrospray source ionization (ESI) by applying 4.5
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kV interface voltage and 150.0 V Q-array RF voltage. The DL temperature was
250 °C and pure N, was used as nebulizing and dryer gas [17].

The electrochemical performance of the photo-assisted MFCs was assessed by
LSV, CV and EIS, conducted under either anaerobic or aerobic conditions. The
potentials at the cathode and anode were monitored by a data logger using an
automatic data acquisition system (P1SO-813, Hongge Co., Taiwan). LSV was
conducted at the open circuit potential (OCP) to 0 V using a potentiostat (BioLogic,
VSP, France) at a scan rate of 0.1 mV/s. Power and current densities were normalized
to the geometric surface of the cathode. Energy recovery was calculated based on
either the cathodic working volume (kWh/m?®) or the unit mass of MNZ mineralized
(kWh/kg COD) [28,53-54]. CV was conducted from -0.4 V to 0.7 V using a
potentiostat (BioLogic, VSP, France) at a scan rate of 1.0 mV/s. EIS was carried out at
the frequency ranging from 100 kHz to 0.01 Hz with a sinusoidal perturbation of 5
mV in amplitude at the cathodic OCP. Both CVs and EIS were performed in the
catholyte using the same potentiostat with a three electrode system consisting of a
working electrode, a SCE reference electrode and a Pt foil as counter electrode. The
equivalent circuit and detailed values of different resistances were obtained through
Zsimpwin software.

One-way ANOVA in SPSS 19.0 was used to analyze the differences among the

data, and all of the data indicated significance levels of P < 0.05.

3. Results and discussion
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3.1 Morphology and photoresponse of Mo/W catalysts deposited on graphite felts

Figure 1 shows the SEM images and EDS analysis of the graphite felt cathodes
with different Mo/W loadings and molar ratios. Compared to the bare graphite felts
(Fig. 1A), diverse nano-metric scale agglomerates were observed on the Mo/W loaded
cathodes (Fig. 1B — E). Increasing the metal loadings from 0.08 mg/cm? (Fig. 1B) to
0.18 mg/cm? (Fig. 1C) increased the size of the Mo/W particles deposited on the
graphite, whereas the Mo/W loading of 0.24 mg/cm? exhibited very uniform and
smooth micrometer sized spheres (1.0 — 2.0 um in size) (Fig. 1D). Conversely, the
loading of the cathodes with 0.48 mg/cm? metals led to the formation of dense
laminar deposits (Fig. 1E). The size and morphology of the different Mo/W loadings
were crucial for determining the catalytic activity of the cathodes as shown in further
sections.

At a same metal loading of 0.24 mg/cm? and different Mo/W molar ratios, the
morphologies of the deposits were similarly smaller micrometer size spherical
particles of 0.5 — 2.0 um in diameter (Fig. 1F —J). EDS confirmed the presence of the
pure metals or binary mixtures of Mo/W with different metal ratios (Fig. 1K — O).

Here Fig. 1

The photocurrents determined in a conventional three-electrode electrochemical
cell comprising the Mo/W deposited cathode as the working electrode (fixed at 0.4 V),
a Pt foil acted as counter electrode, and a SCE worked as the reference electrode was
correlated to the morphological SEM observations. The photocurrent promptly

increased under irradiation (Fig. S3) with optimal response observed at a Mo/W
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loading of 0.24 mg/cm? (Fig. S3A) and at a Mo/W ratio of 0.17 : 1.0 (Fig. S3B), while
an excessive catalyst loading resulted in a decrease of the photocurrent. This shows
that uniform and well distributed micrometer particles with 1.0 — 2.0 um in size were
necessary to produce the highest photocurrents. In addition, Mo/W deposits with a
higher content in W led to higher photocurrents. Large particle deposits and Mo/W

ratios with Mo in excess suppressed the observed photocurrents.

3.2 Impact of Mo/W loadings on MNZ degradation and mineralization in
photo-assisted MFCs under anaerobic or aerobic conditions

The results of preliminary experiments describing the time course of MNZ
degradation and mineralization in photo-assisted MFCs at different catalyst loadings
and Mo/W molar ratios under anaerobic or aerobic conditions are shown in Fig. S4.
The faster degradation and mineralization kinetics were observed using the most
responsive cathode electrode with a Mo/W loading of 0.24 mg/cm? and a Mo/W
molar ratio of 0.17 : 1.0. MNZ degradation of 95.4 + 1.3% and mineralization of 13.3
+ 1.5% were reached in 30 min of reaction time under anaerobic conditions while
97.1 £ 0.3% (degradation) and 73.1 £ 1.8% (mineralization) were obtained in 60 min
under aerobic conditions. Therefore, such operational times were used to analyze the
kinetics of degradation and mineralization of MNZ in further experiments.

Figure 2 shows the results of MNZ degradation and mineralization and the CE,,
as a function of the cathode metal loading, under anaerobic or aerobic conditions. The

degradation of MNZ (Fig. 2A and B) was favored under anaerobic conditions whereas
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aerobic conditions favored the mineralization of MNZ (Fig. 2C and D). The optimum
Mo/W catalyst loadings were 0.24 mg/cm? (anaerobic process) (Fig. 2A and C) and
0.18 mg/cm? (aerobic process) (Fig. 2B and D). At these loadings, peaks in the CEa,
(Fig. 2E and F), mineralization current efficiency (Fig. S5A and B), circuital currents
(Fig. S6) and power production (Fig. S7A) were observed as follows: Mo/W loading
of 0.24 mg/cm? (anaerobic): 43 + 2%, 33 + 3%, 0.7 A/m?, 93 mW/m? (0.0057
kWh/m®; 0.32 kWh/kg COD); Mo/W loading of 0.18 mg/cm? (aerobic): 57 + 1%, 73
+ 2%, 1.0 A/m?, 243 mW/m? (0.015 kWh/m*; 0.30 kWh/kg COD). The decrease of
the oxidation rates at excessive Mo/W loadings was mainly ascribed to the complete
coverage of the cathodic surface by excess and dense laminar Mo/W deposits, as
shown in Fig. 1E.

The highest degree of MNZ mineralization of 61.8 + 2.5% (49.5 + 2.0 mg/L/h)
was observed under aerobic conditions after 60 min of illumination time using a
Mo/W loading of 0.18 mg/cm? (Fig. 2D). This rate of MNZ mineralization was
appreciably higher than the literature results obtained using other oxidation methods,
such as, conventional electro-Fenton (10 mg/L/h at pH 2.0) [18], Fe/graphene-TiO,
nanowires photocatalytic process (19.7 mg/L/h at pH 3.0) [12], bioanodes of MFCs
(0.4 mg/L/h at pH 7.0) [55], and electrochemical reduction, electron-Fenton or
photo-electro-Fenton processes (0.5 — 14.3 mg/L/h at pH 3.0 — 7.0) [4,5,9,17]. Even
using the bare graphite felt cathodes in the absence of catalysts and irradiation,
cathodic reduction resulted in MNZ degradation of 44.7 + 1.3% (35.8 + 1.0 mg/L/h,

anaerobic) and 40.8 + 1.1% (32.6 + 0.8 mg/L/h, aerobic), ascribed to the superior

16



performance of the graphite felt for the in-situ production of H,0O, [44,47].
Collectively, these results demonstrate the intensification of the degradation and
mineralization of MNZ in the photo-assisted MFCs determined by a significant
cooperative effect of Mo and W catalysts combined with H,O, generated in-situ under
aerobic conditions.

Here Fig. 2

The CVs (Fig. 3A and B) and EIS (an equivalent circuit in Fig. S8) (Fig. 3C and
D) corroborated the results in Fig. 2. At the optimal Mo/W loading of 0.24 mg/cm?,
the most positive onset reduction potentials (anaerobic: 0.02 V, aerobic: 0.01 V) and
the highest reduction peak currents (anaerobic: 1.26 mA, aerobic: 1.24 mA) (Fig. 3A
and B) were observed, as well as, the lowest charge transfer resistances (R, anaerobic:
16.9 Q, aerobic: 28.4 Q) (Fig. 3C and D, Table S1) under both anaerobic (Fig. 3A and
C) and aerobic (Fig. 3B and D) conditions. Furthermore, under aerobic conditions and
at the optimal Mo/W loading of 0.18 mg/cm?, the highest oxidation peak current of
0.54 mA was observed at the most positive oxidation peak potential of 0.33 V (Fig.
3B), demonstrating that the most efficient oxidative reaction conditions were realized,
consistent with the results shown in Fig. 2D.

The control experiments performed in the absence of metals using the bare
graphite felt cathodes or in the presence of metals but in the absence of light
irradiation, produced more negative onset reduction potentials, lower reduction peak
currents, negligible onset oxidation potentials, lower oxidation peak currents, and

higher R, under both anaerobic and aerobic conditions (Fig. 3 and Table S1).
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Therefore, intensified MNZ degradation and mineralization in the MFCs can be
clearly realized by the cooperative effect of the Mo and W catalysts and light
irradiation (Fig. 2A — D).

In all cases examined, anaerobic conditions (Fig. 3A and C, Table S1) always
exhibited higher reduction peak currents and lower R, whereas aerobic conditions
achieved higher oxidation peak currents with more positive oxidation peak potentials
(Fig. 3B and D, Table S1). These results clearly demonstrate that anaerobic conditions
were more effective for the reductive degradation of MNZ, while aerobic conditions
were more influential for the mineralization of MNZ.

Here Fig. 3

3.3 Impact of Mo/W molar ratios on MNZ degradation and mineralization in
photo-assisted MFCs under anaerobic or aerobic conditions

A binary mixture of W-Mo at a fixed loading of 0.24 mg/cm? delivered higher
MNZ degradation (Fig. 4A and B), MNZ mineralization (Fig. 4C and D), CE,, (Fig.
4E and F) and mineralization current efficiency (Fig. S5C and D) in comparison to
single metal loading, under both anaerobic (Fig. 4A, C and E) and aerobic (Fig. 4B, D
and F) conditions. The lowest Mo/W molar ratio of 0.17 : 1.0 invariably achieved the
higher rates of MNZ degradation and mineralization, under both anaerobic and
aerobic conditions. The corresponding power productions were 104 m\W/m? (0.0064
kWh/m?; 0.27 kWh/kg COD; anaerobic) and 264 mW/m? (0.016 kWh/m?; 0.28

kWh/kg COD; aerobic) (Fig. S7B). The MNZ mineralization of 73.1 + 1.8% (58.5 £
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1.5 mg/L/h) under aerobic conditions was 7.5 times as high as the controls without
Mo/W deposits in the presence or absence of illumination light (Fig. 4D), 2.5 times
under anaerobic conditions (Fig. 4C), and 1.3 times in the absence of illumination
light but in the presence of Mo/W deposits (Fig. 4D). These results clearly reflect the
cooperative effect of the Mo/W catalysts coupled with the in-situ cathodic production
of H,O; in the presence of light irradiation on the mineralization of MNZ. Such
cooperative catalytic effect of Mo and W for the removal of other water contaminants
has also been reported in other oxidation processes such as conventional
photocatalysis or electrochemical processes [34-36].

As also observed in Fig. 2, the degradation of MNZ at different Mo/W molar
ratios was favored under anaerobic conditions (Fig. 4A and B) whereas aerobic
conditions favored the mineralization of MNZ (Fig. 4C and D). The consistency of
higher MNZ degradation and mineralization with higher CEg, (Fig. 4E and F),
mineralization current efficiency (Fig. S5C and D) and circuital currents (Fig. S9) at
all tested ratios of Mo/W was also similar to those in Fig. 2E and F, and Fig. S6.

Here Fig. 4

The highest reduction peak currents (anaerobic: 1.76 mA, aerobic: 1.41 mA) and
oxidation peak currents (anaerobic: 0.23 mA, aerobic: 0.65 mA) (Fig. 5A and B) as
well as the lowest R (anaerobic: 9.8 Q, aerobic: 22.3 Q) (Fig. 5C and D, Table S1)
were invariably observed at a Mo/W ratio of 0.17 : 1.0 under both anaerobic (Fig. 5A
and C, Table S1) and aerobic (Fig. 5B and D, Table S1) conditions. These results

confirm this to be an optimal Mo/W ratio for the degradation and mineralization of
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MNZ. The CV results demonstrated that, at each Mo/W ratios, higher reduction peak
currents were always observed under anaerobic (Fig. 5A) rather than aerobic (Fig. 5B)
conditions. Conversely, aerobic (Fig. 5B) rather than anaerobic (Fig. 5A) conditions
achieved higher oxidation peak currents at each Mo/W ratios, demonstrating the more
favorable aerobic rather than anaerobic conditions for MNZ oxidation degradation
(mineralization). These results corroborated with the results in Figs. 2 — 4.

Here Fig. 5

3.4 Intensification of system performance in the presence of Fe(lll) under aerobic
conditions

The oxidation of MNZ in the photo-assisted MFCs can be further intensified by
the production of *OH by combining the catalytic photo-Fenton and an electro-Fenton
processes, in the presence of supplementary Fe(ll1) species in the system. In this
mechanism, the photoreduction of Fe(l11) to Fe(ll) results in the generation of «OH
and Fe(l1). As a consequence, the produced Fe(ll) species further react with H,0,
in-situ generated at the cathode to produce supplementary *OH and Fe(III) species,
closing the catalytic cycle.

The results of experiments performed at different Fe(111) dosages are shown in
Fig. 6. The highest rates of MNZ degradation of 94.5 £ 1.4% (75.6 £ 1.1 mg/L/h) (Fig.
6A) and mineralization of 89.5 £ 1.1% (71.6 £ 0.9 mg/L/h) (Fig. 6B) obtained after 60
min were observed using 10 mg/L of Fe(l1l). This MNZ mineralization was

appreciably higher than 67.7 £ 2.2% (54.1 + 1.8 mg/L/h) with electron-Fenton and
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77.7 £1.8% (62.2 + 1.5 mg/L/h) in photo-assisted MFCs only (Fig. 6B). The
associated power production at the Fe(111) of 10 mg/L was 251 mW/m? (0.015
kWh/m?; 0.22 kWh/kg COD) (Fig. S10).

However, excessive Fe(l11) at a dosage of 15 mg/L decreased the mineralization
of MNZ, ascribed to the simultaneous consumption of *OH by an excessive amount of
Fe(I1) in the catholyte which was derived from cathodic Fe(ll1) reduction and can act
as an reductive agent [9,17]. The MNZ mineralization rate observed under optimized
conditions (89.5 + 1.1%, 71.6 = 0.9 mg/L/h) was significantly higher than the 12.0
mg/L/h observed in conventional electro-Fenton process at the same pH of 2.0 with an
external applied current of 0.7 A/m? [18], and 25.4 — 50.0 mg/L/h determined in
photocatalytic processes using catalysts of Fe’/graphene-TiO,, nano-ZnO or
TiO,/ZnINn,S4 [12,14,16].

The presence of Fe(lll) in the catholyte increased the circuital currents (Fig. S11)
and thus the CE,, (Fig. 6C) and the mineralization current efficiency (Fig. S12),
compared to the control experiments performed in the absence of Fe(l11), mainly
explained by the presence of more electron acceptors in the catholyte [40,56-58].

Here Fig. 6

3.5 Detection of active reacting species by scavengers, and possible MNZ degradation
and mineralization pathways
The reactive species generated during the degradation and mineralization of

MNZ in the photo-assisted MFCs and Fenton-MFCs were probed through radical
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scavenging experiments. Under anaerobic conditions, the addition of AO (hole
scavenger) to the aqueous solution decreased MNZ degradation (Fig. 7A), confirming
the direct participation of photo-generated holes. The direct involvement of holes was
also observed for the oxidation of the intermediate products of MNZ reduction under
anaerobic conditions since the presence of AO resulted in an increase in the
UV-absorption peak at 200 — 240 nm [2] (Fig. 7B). The presence of *OH radicals was
excluded since the presence of IP (*OH scavenger) negligibly changed the rate of
MNZ degradation (Fig. 7A) and the peak height at 200 — 240 nm of the reaction
intermediates (Fig. 7B), indicating that «OH was not an active species in both MNZ
degradation and mineralization, under anaerobic conditions. In the control
experiments under aerobic conditions, under darkness and in the absence of Fe(lll),
however, the presence of IP diminished the MNZ degradation (Fig. 7A) and increased
the peak height at 200 — 240 nm (Fig. 7C), confirming the production of «OH radicals
through the decomposition of in-situ generated H,O, [9,17-18].

In direct contrast, the dominant active species for the cleavage of MNZ and for
the oxidation of the intermediate products, under aerobic conditions, were the
superoxide radical (O¢’), since strong inhibition of MNZ degradation (58.8 + 0.8%,
Fig. 7A) and the highest peak height at 200 — 240 nm (Fig. 7D) were observed in the
presence of BQ (superoxide scavenger). The *OH was also a participating species
under aerobic conditions, since a slight decrease in MNZ degradation (Fig. 7A) and a
slight increase in peak height at 200 — 240 nm (Fig. 7D) were observed in the

presence of IP. However, under aerobic conditions and in the presence of Fe(lll), the
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direct participation of «<OH was predominant to O, (the reverse situation found in the
absence of Fe(l1l)) since the inhibition of MNZ degradation (Fig. 7A) and the peak
height at 200 — 240 nm (Fig. 7E) were more accentuated in the presence of IP rather
than BQ. The direct participation of holes under aerobic conditions, with or without
the presence of Fe(lll), was excluded since negligible impacts on the rate of MNZ
degradation (Fig. 7A) and on the peak height at 200 — 240 nm (Fig. 7D and E) were
observed in the presence of AO.
Here Fig. 7

The mechanism of degradation of MNZ in the photo-assisted MFCs was further
elucidated by LC-MS analysis of reaction intermediates formed under anaerobic and
aerobic conditions (Fig. 8). The intermediate with amino group under both anaerobic
and aerobic conditions [(-)ESI: 140; (+)ESI: 142] (Fig. 8A — C) implies the
nitro-reduction of MNZ, consistent with the observations in conventional
electrochemical degradation of MNZ [4]. The intermediates at m/z = 126 (Fig. 8A and
B) and 155 (Fig. 8C and D) observed under anaerobic (Fig. 8A and C) and aerobic
(Fig. 8B and D) conditions imply the pathways of either denitrification and the
subsequent hydroxylation or the loss of lateral N-ethanol group via oxidized
N-acetoxy, as frequently reported in conventional photocatalysis or photoelectro
processes [8,12,17]. The preferential presence of 4-methyl imidazole (m/z = 83) under
aerobic, rather than anaerobic conditions, also previously observed in a photocatalytic
process [8], supports the preferable oxidation of MNZ through the loss of the lateral

hydroxy and nitro group. The cleavage intermediate (m/Z = 116) under both anaerobic
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and aerobic conditions (Fig. 8C and D) as previously found in a conventional
photocatalytic process [59], proves the occurrence of MNZ mineralization with
variable degrees, consistent with the results in Figs. 2 and 4.
Here Fig. 8

On the basis of the radical scavenging results and the analysis of the reaction
intermediates by LC-MS, the reaction scheme shown in Fig. 9 is proposed for the
degradation and mineralization of MNZ in the photo-assisted MFCs with Mo/W
catalytic cathodes under anaerobic or aerobic conditions

Here Fig. 9

3.6 Lifetime of Mo/W loaded cathodes

The stability of the graphite felt cathodes loaded with the optimal amount and
Mo/W molar ratio was investigated in consecutive batch MNZ oxidation cycles in the
photo-assisted MFCs in the presence of the optimal dose of Fe(lll) (Fig. 10). Under
anaerobic conditions, the degradation of MNZ slightly decreased by 7.7% after 10
operational cycles, whereas the mineralization of MNZ remained practically
unchanged (Fig. 10A). Under aerobic conditions, a slight decrease of 7.9% (MNZ
degradation) and 10.4% (MNZ mineralization) was observed (Fig. 10B). These results
were mirrored by a decay of the circuital current and CE,, of the same order of
magnitude, after the 10™ operational cycle (Fig. 10C and D). Overall, the performance
of the photo-assisted MFCs intensified by the use of Mo and W catalytic species and

Fe (111) can be considered promising for utilization in environmental remediation and
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contaminated streams with simultaneous production of renewable energy.
Here Fig. 10

In summary, the comprehensive results presented in this study through multiple
characterization methods demonstrate the efficient and environmentally benign
approach of hybrid photo-assisted MFCs and Fenton-MFCs for the intensification of
the removal of the antibiotic MNZ in water and possibly other contaminants of
emerging concern with simultaneous renewable electricity generation. In this system
Mo and W catalytic species immobilized onto a graphite felt cathode intensified the
cathodic reduction of MNZ under anaerobic conditions and the oxidation of MNZ
under aerobic conditions, with the latter further accelerated in the presence of Fe(lll).
Photo-generated holes were directly involved into the oxidation of MNZ under
anaerobic conditions. Conversely, under aerobic conditions, the photo-generated
electrons favored the production of O, over *OH, while in the presence of Fe(IIl),
*OH was predominant over O,¢’, explaining the intensification of the MNZ
mineralization observed. A schematic representation of the above mechanism is
shown in Fig. 11.

Here Fig. 11

The practical application of the combined photo-assisted MFCs and
Fenton-MFCs process for degradation and mineralization of contaminants of
emerging concern is favored by the use of the two-chamber MFC system, which in
contrast to the one-chamber system allow the simultaneous treatment of two different

wastewaters and the control over the toxicity of the water contaminants to the anodic
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exoelectrogens species [38-41,56-58,60]. However, the practical implementation of
this technology for industrial wastewater treatment requires further pilot and full-scale
investigations, to evaluate the long-term operation and stability of the system over a

feed with fluctuating characteristics and the process economics [54,58,61-63].

4. Conclusions

This study has demonstrated the intensification of process for the removal of a
common antibiotic in water with simultaneous production of renewable electrical
energy. This was achieved in MFCs operated with irradiated graphite felt cathodes
loaded with optimal amounts of Mo and W species. The degradation and
mineralization of MNZ can be further accelerated by the presence of Fe(lll) species,
realizing the integration of a photo-assisted MFCs and a Fenton-MFCs in a single
system. An operational strategy can be envisaged utilizing a sequential anaerobic
process that favors the reductive degradation of antibiotics, followed by an aerobic
process in the presence of Fe(lll) that facilitates the mineralization of antibiotics and

other contaminants of emerging concern in water and wastewater.
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Fig. 1 SEM observation on the graphite felt cathodes with Mo/W loading of 0.00
mg/cm? (A), 0.08 mg/cm? (B), 0.18 mg/cm? (C), 0.24 mg/cm? (D) or 0.48
mg/cm? (E) at a same Mo/W ratio of 2.33 : 1.0. SEM observation (F, G, H, | and
J) and EDS analysis (K, L, M, N and O) on the cathodes at Mo/W ratios of only
Mo (F and K), 6.33: 1.0 (Gand L), 2.33: 1.0 (Hand M), 0.17 : 1.0 (I and N),
and only W (J and O) with fixed metal loading of 0.24 mg/cm?.

Fig. 2 MNZ degradation (A and B) and mineralization (C and D), and anodic
coulombic efficiency (CEg,) (E and F) as a function of metal loading under
anaerobic (A, C and E) or aerobic (B, D and F) conditions (Mo/W ratio of 2.33 :
1.0).

Fig. 3 CVs (A and B) and EIS (C and D) on the electrode as a function of metal
loading amount under anaerobic (A and C) or aerobic (B and D) conditions.

Fig. 4 MNZ degradation (A and B) and mineralization (C and D), and anodic
coulombic efficiency (CEg,) (E and F) as a function of molar ratio of Mo/W at a
fixed metal loading of 0.24 mg/cm? under anaerobic (A, C and E) or aerobic (B,
D and F) conditions.

Fig. 5 CVs (A and B) and EIS (C and D) on the electrode as a function of Mo/W ratio
at a fixed metal loading of 0.24 mg/cm? under anaerobic (A and C) or aerobic (B
and D) conditions.

Fig. 6 MNZ degradation (A) and mineralization (B), and anodic coulombic efficiency
(CEan) (C) as a function of Fe(l11) dosage under the optimum Mo/W loading of
0.18 mg/cm? at a Mo/W ratio of 0.17 : 1.0 and aerobic conditions.

Fig. 7 (A) MNZ degradation in the presence of light irradiation with addition of
ammonium oxalate (AO), isopropanol (IP) or benzoquinone (BQ) under
anaerobic or aerobic conditions. Comparison of UV-vis absorption spectra of the
effluent with or without addition of AO, IP or BQ under anaerobic (B) or aerobic
(C, D and E) conditions in the presence (B, D and E) or absence (C) of
illumination light with (E) or without (B, C and D) Fe(l11) addition (anaerobic:
Mo/W loading of 0.24 mg/cm?, aerobic: Mo/W loading of 0.18 mg/cm?, a same
Mo/W ratio of 0.17 : 1.0, operational time: 30 min).
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Fig.

Fig.

Fig.

Fig.

8 (-)ESI-MS (A and B) and (+)ESI-MS (C and D) spectra of products of MNZ
degradation and mineralization at optimum conditions of Mo/W loading of either
0.24 mg/cm? (anaerobic, A and C) or 0.18 mg/cm? (aerobic, Fe(I11) addition: 10
mg/L, B and D) at a same Mo/W ratio of 0.17 : 1.0.

9 Proposed MNZ degradation and mineralization pathways in the photo-assisted
MFCs with Mo/W coated cathodes under anaerobic or aerobic conditions.

10 MNZ degradation and mineralization (A and B), and circuital current and
anodic coulombic efficiency (CE,n) (C and D) as a function of number of batch
cycles with fresh MNZ catholyte under anaerobic (A and C) or aerobic (B and D)
conditions with Mo/W loading of either 0.24 mg/cm? (A and C) or 0.18 mg/cm?
(B and D) (Mo/W ratio of 0.17 : 1.0; operation time per cycle: 60 min; added
Fe(111) under aerobic conditions: 10 mg/L).

11 A schematic mechanism of MNZ degradation and mineralization in the
combining photo-assisted MFCs and Fenton-MFCs with Mo/W coated cathodes
under anaerobic or aerobic conditions.
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