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Abstract

BACKGROUND: The anode material of bioelectrochemical systems (BES) is crucial because its characteristics directly affect elec-
tron transfer from the bacteria to the anode. To assess its usefulness, each material must undergo evaluation under relevant
operating conditions, as well as a complete electrochemical characterization.

RESULTS: Five carbonaceous materials - carbon brush (CB), carbon granules (CG), thicker carbon felt (CF1), high-conductivity
carbon felt (CF2), and high-active-area carbon felt (CF3) - anodes were tested in this work. The current generation with each
anode material was studied, operating as a microbial fuel cell (MFC) and microbial electrolysis cell (MEC). Two MFC inoculation
strategies were tested: (i) fixed 10 Q external resistance (ER) and (ii) poised anode potential (PA) of 200 mV versus Ag/AgCl.
Once reproducible cycles were obtained in MFC operation, CB yielded the highest maximum current density, amounting to
15.9 A m~2, A slightly reduced start-up time was observed for each anode with PA than ER. When the anodes were transferred
to MEC operation, the maximum hydrogen production rate of 1.04 m® H, m—> d~" was obtained for CB.

CONCLUSION: This study helps in selecting anode material for BES, allowing a shortening of the start-up time and improving its
performance using different inoculation strategies and anode materials. Among all the anode materials employed in this study,
CB and CF3 electrodes presented the best overall performance.

© 2023 The Authors. Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society
of Chemical Industry (SCl).

Supporting information may be found in the online version of this article.
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INTRODUCTION

Among emerging energy and resource recovery concepts, micro-
bial fuel cells (MFCs) have received significant attention. They are
extensively studied, driven by the promise of renewable energy
generation while treating wastewater simultaneously." Consider-
able studies have been conducted concerning the improvements
in reactor designs,' electrode materials,>* enrichment of anode-
respiring bacteria (ARB),® and optimization of process limits.” Even
though impressive progress has been achieved, MFC still faces
many challenges in its implementation in a commercial market.
Microorganisms can transform biochemical energy into adeno-
sine triphosphate by a series of reactions in which electrons are
eventually transferred to a terminal electron acceptor.? In the res-
piration performed by ARB, the electron acceptor is a solid anode.
In MFCs, ARBs grow on the anode and oxidize organic matter
anaerobically to produce carbon dioxide and release protons into
the solution and electrons to the circuit. The electrons then travel
through a wire to a cathode, reducing oxygen to water and gen-
erating electrical power.” The transfer of electrons from the
microbe to the anode is critical in the whole system.'®'? Soluble
mediators, redox-active proteins or nanowires facilitate this

extracellular electron transfer process (EET).'* Nevertheless, the
physical and chemical properties of the anode materials can also
substantially influence the EET and, therefore, have a crucial
impact on MFC overall performance.'*'®

Anode material properties such as composition, morphology,
and surface characteristics directly affect microbial adhesion, elec-
tron transfer, and substrate oxidation.'? Consequently, the mate-
rial should meet several criteria for suitability as an anode, such
as high electrical conductivity, enhanced biocompatibility, high
chemical and physical stability, reasonable cost, and availability.'®
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In general, three types of anode materials have been employed
in MFCs: carbon, metal, and composite materials. So far, only
carbon-based materials have been reported to have all or most
desired characteristics and are, therefore, the most commonly
used anodes.®'”'® Carbon-based electrodes have high chemical
stability, low cost, good microbial adhesion, high porosity, and
specific surface area, but lower electrical conductivity. Typical car-
bonaceous anodes are carbon felts (CF), carbon brushes (CB) and
carbon granules (CG). CF and CB are extensively available, easy to
operate, and can be supplied at a reasonable cost. CG benefit
from filling a large anodic volume with good compactness, but
CG must be packed tightly to ensure good current flow through
all the granules and the current collector and to prevent short cir-
cuits to the cathode.

The anode potential also plays an essential role in BES since it
regulates both electrical energy output and the theoretical energy
gain for microorganisms, closely related to their growth rate and
electron affinity.”>'®" Electrons are transferred from ARB to the
anode because of the potential difference between the final elec-
tron carrier and the anode.?? This potential difference influences
the EET rate, given that electrons will be driven from a high to a
low energy status.”® Hence, the higher the anode potential, the
more energy per electron transferred is available for cell growth
and maintenance. From a thermodynamic perspective, the
energy gain for the microorganisms can be calculated
using Egn (1):

AG®” =—nF (Eanode_ ?;bﬂrate) (1 )

where AG” (Jmol™") denotes the Gibbs free energy under stan-
dard biological conditions (pH7 and 25°C), n is the number of
electrons conveyed, F is the Faraday constant
(96485Cmol™" €7"), Eanode is the anode potential (V) and

E9 berate TEPresents the standard biological potential of the sub-

strate (V).

ARB will use this additional energy with more positive anode
potentials, provided the cell can capture this energy by pumping
extra protons outside the inner cell membrane.?® Hence, the
microorganisms must process metabolic pathways to use this
additional free energy given by the anode. In these circum-
stances, anode potential should be positively associated with
the current generation and increased biomass yields, depending
on the microorganism's metabolic efficiency under these
conditions.®

Several research groups have previously reported improved
acclimation of exoelectrogenic biofilms in bioelectrochemical sys-
tems (BES) under poised anode (PA) potential, resulting in better
performance and faster start-up time. Wang et al.?® obtained
reduced start-up time and higher current output by applying a
positive anodic potential of 200 mV versus Ag/AgCl than the con-
trol MFC operated under 1000 Q due to the increased driving
force of substrate oxidation. The study reported by Wei et al.?'
showed that a considerable gain in biomass and power density
was obtained when anode potential increased from —160 to
0 mV versus standard hydrogen electrode (SHE). However, no
improvement in biomass and power output was observed when
the anode potential further increased to 400 mV versus SHE.?'
More recently, Zhu et al.*” observed that acclimating the biofilm
with positive potentials may cause the decay of the power over-
shoot phenomenon, leading to improved power performance.?’
However, studies on the optimal value and effect of PA on BES
performance have been inconclusive.

Therefore, considering these research trends, our objective was
to identify carbon-based anode materials that yield high perfor-
mance. It is challenging to compare anode material from the liter-
ature since the studies differ in operating conditions,
measurement techniques, inoculation strategies, and cell design.
Hence, experiments were carried out to determine the effect of
different anode materials on BES performance. Concomitantly,
two different start-up strategies of PA of +200 mV versus Ag/AgCl
and 10 Q external resistance (ER) to close the circuit were also

Figure 1. Carbon-based anode materials employed in this study: thicker carbon felt, CF1 (2 cm x 2 cm); high-conductivity carbon felt, CF2
(2 cm x 2 cm); high-active-area carbon felt, CF3 (2 cm x 2 cm); carbon brush, CB (2.5 cm length; 2 cm diameter); and carbon granules, CG (filled in cylin-

drically shaped body, 2.4 cm length; 1.5 cm diameter).
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investigated. Different losses were characterized by polarization
curves and electrochemical impedance spectroscopy (EIS) analy-
sis. Cyclic voltammetry (CV) was also performed to evaluate the
impact of varying anode materials on the electrode's electro-
chemical properties. This study investigates avenues for improv-
ing the anodic performance, emphasizing anode material and
inoculation strategies.

EXPERIMENTAL

Cell description and medium composition

Single-chamber MFCs (28 mL) were assembled using cube-
shaped  methacrylate  bodies (44 cm  length X 5cm
width X 5 cm height), with two lateral methacrylate endplates
through O-rings and gaskets to prevent liquid leakages. In MFCs,
one of the endplates was perforated to allow oxygen transfer to
the air cathode. In the MEC design, both ends were closed, thus
enhancing anaerobic conditions. Hydrogen gas was sampled
and collected via gas bags at the top of the MEC reactors.?®

Five different carbon-based materials were tested (Fig. 1). Three
different types of carbon felt (2 cm x 2 cm, 4 cm? of projected
surface area) were used: CF1, CF2 and CF3, with a thickness of
6.1 mm, 24 mm and 3.9 mm, respectively. CF1 and CF2 anode
materials were donated by Leitat Technological Center (Spain).
The CF3 electrode was given by the National Hydrogen and
Fuel-cell Technology Testing Center (Spain). The CB was made
of graphite fibre, 20 mm diameter x 25 mm length; 0.18 m?
fibres of 7.2 um diameter (PANEX 33 160 K, ZOLTEK Corporation,
Bridgeton, MO, USA) were wound into a titanium wire of 2 mm
diameter. Before use, the brush was heat-treated in a furnace at
450 °C for about 30 min to increase the active area due to micro-
fracture generation and thus enhance biomass adhesion. For CG,
a cylindrically shaped body for the anode chamber was designed
(24 mm in length and 15 mm in diameter) and printed with a 3D
printer (BCN3D Sigma D25), in which approximately 3 g granules
were filled. The filament used was a 2.85 mm thick dark-blue poly-
lactic filament. The extrusion temperature was 210 °C, with a
printing speed of 50 mms~' and a retraction speed of
35 mm s~ Carbon felt and CG electrodes were used as received,
without further special treatment. Titanium wire was used as cur-
rent collector for all electrodes. The projected surface area for
each anode material is presented in Table 1.

Carbon cloth (7 cm?) used as a cathode was painted, using a spray
technique, with a powder containing 90% carbon and 10% plati-
num until a coating of 0.5 mg Pt cm™ (Electrochem Inc., Woburn,
MA, USA) was obtained on the inner side. The procedure of Mid-
daugh et al. was followed to prepare the cathode.?® The PTFE

(polytetrafluoroethylene) diffusion layer applied on the outer side
of the cathode allowed air diffusion into the MFC.°

The MFCs were inoculated with 14 mL of broth from an MFC with
ARB-enriched biomass, 14 mL fresh mineral medium and acetate at
a final concentration of approximately 1.5gL™". The mineral
medium stock solution (pH 7) contained (per litre): 12.04 g
Na,HPO,, 2.06 g KH,PO,, 0.2 g NH,Cl, 4.0 mg FeCl,, 6.0 mg NayS
and 5 mL of a nutrient solution containing (g L™"): 1 EDTA, 0.164
CoCl,.6H,0, 0.228 CaCl,.2H,0, 0.02 H3;BO;, 0.04 Na,M0O,.2H,0,
0.002 Na,SeOs, 0.02 Na,WO0,.2H,0, 0.04 NiCl,.6H,0, 2.32 MgCl,,
1.18 MnCl,.4H,0, 0.1 ZnCl,, 0.02 CuSO,4.5H,0 and 0.02 AIK(SO,),.

Start-up strategies

Ten reactors in total were operated in batch mode to evaluate
both strategies. In the first one, five MFCs were employed to per-
form experiments using a 10 Q ER and titanium wires to close the
circuit (Fig. 2(A)). The voltage across the ER was monitored using a
16-bit data acquisition card (Advantech PCI-1716) connected to a
computer with AddControl software developed by the authors
with LabWindows/CVI 2020 for data acquisition.*’

In the second strategy, the other five cells were operated with PA
at +200 mV versus Ag/AgCl reference electrode (3 mol L™ KCI RE-
1B, +210 vs. SHE, BAS Inc., Tokyo, Japan) by connecting the potentio-
stat to the anode as working electrode and to the cathode as a
counter electrode (Fig. 2(B)). The anode potential was fixed using
a multichannel potentiostat (Whistonbrook Technologies, Luton,
UK), and the resulting current was recorded every minute.

The cells were considered to operate after the current exceeded
0.5 mA for the first time. Once a stable current was obtained for
carbon-based anodes working with ER, the anodes were transferred
to hydrogen-producing MECs with an applied voltage of 1.2 V.

Analyses

Acetate concentration was measured at the beginning and end of
each cycle with a gas chromatograph (model 7820-A, Agilent
Technologies, Santa Clara, CA, USA) employing a DB-FFAB column
(30 m length, 250 pm internal diameter and 0.25 pm film thick-
ness) and a flame ionization detector. The sample preparation
procedure consisted of pipetting 800 pL of filtered samples
(0.22 pm syringe filter) in a glass vial with 200 pL preserving solu-
tion (used as an internal standard). The preserving solution was
composed of 2 g HgCl,, 2 g hexanoic acid and 33.7 g orthopho-
sphoric acid in 1 L deionized water.

Hydrogen was quantified with gas chromatography using an
HP-Molesieve column (30 m x 320 pm X 12 pm;
length X internal diameter x film thickness) and a thermal con-
ductivity detector. The run time was 6 min.

Table 1. Projected surface area for the five anode materials and parameters obtained/calculated from different electrochemical techniques

v EIS Polarization curve
Anode material  Projected surface area (em?) Redox peaks Electroactivearea (cm?)  Ro(Q) Ra(Q) R (@)  Maximum power (W)
CF1 4 (0.37 V;0.08 V) 0.03 1.83 9.23 185 438
CF2 4 — nd. 4.13 5.07 237 442
CF3 4 (0.25V;0.18 V) 293 411 2.60 122 835
B 5 (0.25V;0.20V) 2.02 3.26 6.19 111 751
CG 3.6 (0.27 V;0.19 V) 1.81 3.89 3.21 179 441

Abbreviations: CF1, thicker carbon felt; CF2, high-conductivity carbon felt; CF3, high-active-area carbon felt; CB, carbon brush; CG, carbon granules;
CV, cyclic voltammetry; EIS, electrical impedance spectroscopy; Rq, ohmic resistance; R, charge transfer resistance; Ri,,, internal resistance.
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Figure 2. Schematic diagram of (A) microbial fuel cell employing an external resistance and (B) microbial fuel cell with poised anode potential of
+200 mV: (1) working electrode; (2) reference electrode; and (3) counter electrode.
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Figure 3. Cyclic voltammetry with different anode materials. Scan rate: 0.001 V s™'; solution media contained 0.01 mol L™" ferro/ferricyanide; the anode
was the working electrode and the cathode was the counter electrode against Ag/AgCl, 3 mol L™ KCl reference electrode. CF1, thicker carbon felt; CF2,

high-conductivity carbon felt; CF3, high-active-area carbon felt; CB, carbon brush; CG, carbon granules.
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Figure 4. Nyquist plots obtained using electrochemical impedance spectroscopy with different anode materials. CF1, thicker carbon felt; CF2, high-
conductivity carbon felt; CF3, high-active-area carbon felt; CB, carbon brush; CG, carbon granules.

Duplicate samples were collected for microbial community
characterization from the surface of the carbon-based anode elec-
trodes after PA operation for 50 days. DNA was extracted using a
Soil DNA Isolation Plus Kit (Norgen Biotek, Thorold, ON, Canada)
following the manufacturer's instructions. The quantity and integ-
rity of the extracted DNA were checked with an ND-1000 Nano-
drop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA), and the samples were stored at —80 °C before ampli-
con sequencing. To profile the microbiome composition, the V4
region of the 16S rRNA genes was sequenced (using primers with
515F and 806R) on the lllumina MiSeq platform (2 x 300 bp
paired-end) at RTL Genomics (Lubbock, TX, USA).

System performance indexes

The current density with respect to the anode was calculated
based on the projected surface area and also on the electroactive
area. The bioelectrochemical process efficiency was estimated in
terms of coulombic efficiency (%), cathode hydrogen recovery
(%), and volumetric hydrogen production rate per volume of cell
(m*H, m~3d™"). Coulombic efficiency (Eqn 2) is the ratio between
electron moles extracted as current intensity to the total electron
moles made available from substrate oxidation.

tF
J Idt
to

E=Fosviachm

X100 (2)

where t, and t; (s) are the initial and final times of a batch exper-
iment, / (A) is current, F (96 485 C mol™" e”) represents Faraday's
constant, V| (mL) is the volume of liquid in the reactor, M
(g mol™") is the molecular weight of the substrate, b, is the num-
ber of e™ transferred per mole of the substrate, and AC (g L™") is
equal to the difference between initial and final substrate
(in this work, acetate) concentration over a batch cycle.

MEC performance was also assessed by employing the cathodic
gas recovery (rc,y), Which compares the coulombs theoretically
consumed to produce the measured hydrogen with the cou-
lombs arriving at the cathode as current intensity (Eqn 3).

Vi, by, FV7]
feat=——F7
[/ rar

to

X100 3)

where V4, (L) is the volume of produced hydrogen, by, (2 mol e™
mol™' H,) is the number of moles of e~ transferred per mole of
hydrogen, and V,, (24.03 L mol™") is the molar gas volume at 20 °C.

Electrochemical techniques

Cyclic voltammetry

In three-electrode mode, CVs were conducted using a Multi Auto lab
system (Ecochemie, Utrecht, Netherlands). A potential ramp over the
rangefrom —0.4 Vto 1.2 V,atascanrate of 0.001 V s~',was applied to
the working electrode (abiotic anode) by gradually increasing the
potential and then reversing the scan returns to the initial potential.
All the electrochemical assays were performed in 0.01 mol L™
ferro/ferricyanide solution by considering the anode as a working
electrode and cathode as a counter electrode against Ag/AgCl,
3 mol L™ KCl reference electrode. The electroactive area of the elec-
trodes was calculated using the Randles-Sevick equation (Eqn 4).

3_F3
ip=0.4463 <” -

ol—

>§AC(DV) (4)

where i, is peak current (A), n is number of electrons transferred in
a redox cycle, R is the universal gas constant (8.31 J K~' mol™),
T is temperature (K), A is the electrode active area (cm?), C is the
molar concentration of redox active species (mol cm™), D is the

diffusion coefficient (cm? s™") and v is the scan rate (V s™").

Electrochemical impedance spectroscopy

EIS was measured by employing a multi-Autolab system (model
PGSTAT204, Metrohm, Herisau, Switzerland) using a three-
electrode configuration so that the abiotic anode was the working
electrode and the cathode was the auxiliary one. An Ag/AgCl,
3 mol L™ KCI electrode was used as a reference electrode. EIS
measurements were recorded at the cell open-circuit voltage
(OCV) frequency range from 100 kHz to 10 MHz. All the EIS curves
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Figure 5. Current outputs during start-up of microbial fuel cells. CF1, thicker carbon felt; CF2, high-conductivity carbon felt; CF3, high-active-area carbon

felt; CB, carbon brush; ER, external resistance; PA, poised anode potential.

Table 2. System performing indexes obtained from different inoculation strategies
Start-up strategy Maximum intensity (mA) CE (%) Days for current generation

CF1 ER 3.1 79 15

PA 35 88 12
CF2 ER 34 83 7

PA 4.8 72 2
CF3 ER 5.0 74 8

PA 45 98 3
CB ER 6.6 65 9

PA 4.9 88 5
Abbreviations: CF1, thicker carbon felt; CF2, high-conductivity carbon felt; CF3, high-active-area carbon felt; CB, carbon brush; ER, external resistance;
PA, fixed anode potential; CE, coulombic efficiency.

obtained were equivalent to the characteristic Nyquist plot and
were adjusted to the Randles circuit. In the Nyquist plot, the
high-frequency limit impedance is the ohmic resistance (Rg),
whereas the semicircle's diameter represents the charge transfer
resistance (Ry).! The R was estimated as the absolute value of
the semicircle's intercept with the real axis at low frequencies
minus the electrolyte resistance found in the intercept with
the real axis at high frequencies. Therefore, the impedance at
the low-frequency limit includes both resistances (Rq + Rct). For
the EIS tests, the solution medium contained 0.1 mol L™ KCl,
0.01 mol L™" K4(Fe(CN)) and 0.01 mol L™" Ks(Fe(CN)s).

Polarization curves

Polarization curves were obtained using a multi-resistance
board and measuring the voltage. The set of 17 ER used was
in the range 470 kQ to 25 Q. The medium was renewed before
recording polarization curves to ensure enough substrate was
available during the experiments. Once a steady-state current
was obtained, the cells were left in open circuit for 30 min. After
that, the voltage over each resistance was recorded employing
a multimeter (every resistor was tested for 15 min). The current
output was then calculated through Ohm's law and power
by Eqn (5):
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Figure 6. Polarization (A) and power curves (B) for different anode materials. CF1, thicker carbon felt; CF2, high-conductivity carbon felt; CF3, high-active-
area carbon felt; CB, carbon brush; CG, carbon granules.

Table 3. System performing indexes for different anodes in MFC

Maximum current (mA) Maximum power (mW) CE (%) Jea (A m™2)? Jpa (A m~3)P
CF1 3.2 102 82 73.2 8.0
CF2 33 11 72 - 8.3
CF3 5.7 325 94 184 14.3
CB 7.0 480 85 35.7 15.9
CG 35 125 60 18.3 9.7
CF3 circularly stacked 7.2 518 79 - 16.4

Abbreviations: CF1, thicker carbon felt; CF2, high-conductivity carbon felt; CF3, high-active-area carbon felt; CB, carbon brush; CG, carbon granules; CE,
coulombic efficiency.

@ Current density normalized with respect to electroactive area.

b Current density normalized with respect to projected surface area.

P=VI (5)  microscope operated at 5 kV and with an energy dispersive X-
ray analysis system and (model JSM 6010, JOEL Ltd, Tokyo, Japan).

where P (W) is the power output.
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RESULTS AND DISCUSSION

The results of this study are organized as follows. The anode mate-
rials were evaluated under abiotic conditions with cyclic voltam-
metry (first subsection) and EIS (second subsection) to

Morphological characterization using SEM
The biofilm structure of each anode material inoculated with PA
was visualized on an SEM instrument using a MerlinZeiss

J Chem Technol Biotechnol 2023 © 2023 The Authors. wileyonlinelibrary.com/jctb
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Table 4. System performing indexes for different anodes in MEC

Maximum intensity (mA) Hydrogen production rate (m®> m=—>d™") CE (%) Ieat (%)
CF1 3.5 0.56 61 67
CF2 49 0.68 68 80
CF3 36 0.88 73 98
B 7.5 1.04 85 20
CcG 7.2 0.78 81 65
CF3 circularly stacked 7.3 0.92 78 99
Abbreviations: CF1, thicker carbon felt; CF2, high-conductivity carbon felt; CF3, high-active-area carbon felt; CB, carbon brush; CG, carbon granules; CE,
coulombic efficiency; r..., cathodic gas recovery.
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Figure 7. Microbial analysis for different carbon-based anodes.

understand their electrochemical behaviour before inoculation.
The third subsection shows the performance of the MFCs
obtained during the start-up period. The performance of the
anode materials after the stable operation is analysed with polar-
ization curves in the fourth subsection. The long-term MFC perfor-
mance is shown in the fifth subsection and MEC Performance in
the sixth subsection. Finally, the seventh subsection summarizes
the microbial and the eighth subsection the SEM characterization
of the anodes.

Cyclic voltammetry

The anode materials were evaluated by abiotic CV tests to identify
the best one in terms of lowest overpotential and highest current
generation. The results are presented in Fig. 3 as current and Sup-
porting Information Fig. S1 as current density. Different character-
istics of the anode material affected the positions and sizes of the
redox peaks. The behaviour of CF2 was different from the others
because no valuable overpotentials were detected for the CF2
electrode due to its capacitive behaviour. The CVs for CF3, CB
and CG presented the fastest electron exchange rate at the elec-
trode surface. These electrodes showed a single pair of well-
developed reversible redox peaks, suggesting that a single-step
electrochemical reaction occurred on the anode. Although CF1
presented a reversible behaviour, it was less than the other elec-
trodes as the distance between anodic and cathodic peaks
increased. Moreover, CF3, CB and CG peak-to-peak separation

Relative abundance (%)
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mRhodobacteraceae

m Halomonadaceae

m Flavobacteriaceae

m Clostridiaceae

m Rhodospirillaceae

m Synergistaceae

= Methanobacteriaceae

m Rhodocyclaceae
ML635J-40 aquatic group

m Nitrincolaceae
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M M S e e & )
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(Table 1) was much smaller than the other electrodes, revealing
an electrochemical behaviour closer to reversibility and indicating
rapid electron transfer kinetics. CB's pair of redox peaks were
those with lower separation (0.25 V; 0.20 V). The overpotential of
CB, CF3 and CG was much lower than the overpotential shown
by the CF1 electrode. These results suggest that CB, CG and CF3
proved to be better since they required a lower voltage for high
current generation.

The abiotic CVs were also useful to calculate the electroactive
area (Table 1), showing the best results of 2.93 cm? for CF3, fol-
lowed by CB (2.02 cm?) and CG (1.81 cm?). CF3 and CB also pro-
duced the highest maximum peak intensity of the carbonaceous
materials employed in this study, which points to enhanced elec-
trocatalytic anode activity, likely due to the increased electroac-
tive surface.

Electrochemical impedance spectroscopy

The impedance spectra allow a broad overview of the different
processes at the electrochemical interface of the anode, not at
the complete electrochemical cell. In this method, the system is
perturbed with an alternating current of small magnitude and
the way the system behaves is studied at a steady state. It must
be considered that the rest of the variables remain constant (aux-
iliary electrode (cathode), external resistance, resistance to the
flow of electrons through the rest of the cell, etc.) so that,
although these resistances are essential to define the interfacial
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process on the surface of the anode, their contribution to the
internal resistance of the cell is consistent.

In this study, all anode Rq were similar (Table 1), which was
expected as they had the same electrolyte conditions (indicating
that all MFCs were strictly comparable in configuration). Rqg
depends on the ionic concentration, the type of ions and the elec-
trode area. The differences in the R, of different anodes (1.83-
4.11 Q) could be attributed to the differences in the active
electrode area.

Compared to Rq, the R changes with the frequency of the
input signal. The different anode materials present different R,
which can be observed in their EIS response (Fig. 4). The R is
inversely proportional to the electron transfer rate. The CF1 pre-
sented a considerable R (9.23 Q), indicating that the system is
kinetically sluggish compared to other anode materials employed
in this study. EIS tests showed that the CF3 (2.60 Q) had the low-
est Rt

Low R values indicated a higher activity on the electroactive
sites because of a faster activation-controlled process at the
anode-electrolyte interface, and hence a quicker electron transfer
rate to the anode. Thus, CF3 could produce current up to higher
power densities than the other anode configurations. CB exhib-
ited the highest R, after CF1 (Table 1). This value of R obtained
for CB in our study is lower than R, (18 Q) achieved by a previous
study using CB as an anode and a wet-proofed carbon cloth as a
cathode.>? Another EIS study found that R., was the major internal
resistance component in a brush anode MFC with a stainless-steel
mesh Pt-catalysed cathode.®® It must be considered that resis-
tance values from other works cannot be directly compared
because they depend on the type of cell used, the dimensions
of the electrode and many other factors.

CG showed a small R, and displayed only a minimal frequency
region where the mass transfer is a significant factor (linear
response zone at impedance measurement). This mass transport
limitation indicates that organic substrates could not reach the
electrode surface for ARB feeding. The good compactness of the
CG anode might have obstructed the anolyte circulation.

Adopting appropriate approaches to overcome internal resis-
tance, Ry and R, is essential to enhancing the performance of
BES. Moreover, the biofilm formation on the anode surface should
significantly modify cell performance by decreasing Ry;.

MFC performance during start-up

The start-up period of four selected carbon-based anodes (CF1,
CF2, CF3 and CB) using two different inoculation strategies is
shown in Fig. 5 as current output and in Supporting Information
Fig. S2 as current density. The PA strategy resulted in a higher
(except for CB) and earlier maximum current than the ER strategy.
These results confirm that a positive anode potential promotes
rapid microbial colonization due to increased energy yield per
acetate oxidized. These results are consistent with Finkelstein
et al>* in which the potential applied to the anode promoted
the enrichment of specific consortia, and a more positive fixed
potential resulted in a larger current output.

Table 2 summarizes the main results achieved for each anode in
terms of maximum intensity, coulombic efficiency (CE) and days
required to reach 0.5 mA of current generation. In the start-up
phase using CB as the anode, the current was generated in
5 and 9 days for CB-PA and CB-ER, respectively. CB-ER showed
better performance concerning the current generation, achieving
a maximum of 6.6 mA (Table 2).

For MFCs using CF3 as the anode, a stepwise increase in current
was also observed in these cycles, but PA configuration helped
shorten the acclimation time. The maximum current generated
by CF3-PA was 5 mA at day 37. In contrast, CF3-ER generated a
similar current at day 44, indicating that the start-up of MFC with
anodic positive fixed potential had effectively collected ARB with
high electrochemical activity. These data implied that the PA-
operated cells were able to have superior electrochemical activity
during the start-up period compared to ER cells. This result is con-
sistent with a study in which a higher maximum current was
obtained using a PA of +200 mV than that of the control MFC
operated under 1000 Q.26 However, the difference in the amount
of current output obtained from different strategies in our study
was not significant.

The start-up period was longer for MFCs employing CF1 as the
anode, but also in this case PA was a faster strategy than
ER. CF1-PA required 12 days to reach a current of 0.5 mA, while
CF1-ER required 15 days. Lastly, the start-up time for CF2-PA was
2 days, and CF2-ER required 7 days to generate the current. No
comparison was made for the inoculation phase of CG using both
strategies due to the continuous disturbance in the current out-
put obtained when the anode potential was fixed.

Regarding the CE performance (Table 2), the values obtained
were high (81 + 11%), indicating that only about 19% of the ace-
tate consumed resulted in products other than ARB activity. These
high CE values were also linked to a very high acetate removal
efficiency of about 96%. Higher CE values were obtained for PA
cells than for ER cells for all the anodes studied except for CF2.
Then, the selection pressure due to the applied anode potential
was useful to provide a better CE.

Overall, PA was demonstrated to be an efficient approach to
reduce the start-up time of the MFCs, but its application requires
special equipment, which affects the cost efficiency of the system.
Working with ER can be more practical and economical than PA,
since it does not require a potentiostat, facilitating field applica-
tions, while the results after the start-up period are of similar
order.

Polarization curves

A polarization curve yields the overall fuel cell behaviour under
specific operating conditions. To be precise, maximum power
and resistance to current flow through the cell can be estimated
by polarization tests. Figure 6(A) and Supporting Information
Fig. S3(A) illustrate polarization curves obtained to compare
MFC performance using different anode materials. The shape of
the polarization curves obtained for each anode material dis-
played the three expected zones, starting from activation loss fol-
lowed by ohmic loss and, finally, concentration or mass loss. The
result indicated that mass transfer limited the performance of
MFC with all electrodes employed in this study under high
demand of current, because of the lower content of microorgan-
isms available to produce electricity and the more difficult access
of substrate to the points of the surface of the anode in which
microorganisms had adhered.

The internal resistance was calculated by considering the linear
relationship of the intensity-voltage curve. The internal resistance
of each cell is summarized in Table 1. CB and CF3 presented the
lowest internal resistance (111 and 122 Q, respectively), while
CF2 had approximately two times higher internal resistance than
the previous materials. Since all the other parameters, including
inoculum, medium and substrate, were kept the same, this higher
internal resistance is assumed to be caused by the intrinsic
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Figure 8. Scanning electron microscopy images on different carbon-based anode materials after biofilm formation. CF1, thicker carbon felt; CF2, high-
conductivity carbon felt; CF3, high-active-area carbon felt; CB, carbon brush; CG, carbon granules.

properties of anode materials such as electrical conductivity, sur-
face electroactive area, roughness and bacterial immobilization
obtained.

Based on the power curves obtained (Fig. 6(B) and Supporting
Information Fig. S3(B)), in agreement with polarization curves, a
maximum power of 835 and 751 mW was achieved for CF3 and
CB, respectively. The maximum power for other anode materials
was almost half compared to the previous ones (Table 1). This
result was expected because the CF3 and CB electrodes also pre-
sented higher maximum intensity than other carbonaceous
anode materials, as observed with the CVs.

These significant differences in power may result from the
amount of biomass adhering to each electrode and their different
characteristics such as conductivity and roughness. The power
curve obtained using the CF3 anode exhibited a steep drop in
voltage at a higher current, resulting in power overshoot occur-
rence. There are few commonly accepted hypotheses regarding
the power overshoot phenomenon in power curves. One theory
on the cause of this power overshoot is that, as the current

resistance decreases, the bacteria adhering to the anode cannot
produce sufficient current at lower voltages.”’> Another reason
might be the local acidification because diffusive proton transport
from the biofilm has been reported to restrict the current den-
sity.>* The acidification of the biofilm happens at higher current
densities, which causes abrupt pH gradients inside the biofilm
and limits the current production.3® Given the nature of our exper-
iments, the overshoot might have resulted from electron transfer
limitations at the anode. This limitation is most likely related to the
intrinsic property of the CF3 anode because other anodes used in
this study did not exhibit power overshoot. Nevertheless, further
experiments should be conducted to confirm the reason behind
the power overshoot presented by the CF3 electrode.

Long-term evaluation of MFC performance for carbon-
based anode materials

A set of six new MFCs with ER to close the circuit, each with a dif-
ferent anode electrode material, was evaluated for the long term
(i.e., more than 2 months) under the same operating and feeding

wileyonlinelibrary.com/jctb

© 2023 The Authors.

J Chem Technol Biotechnol 2023

Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCl).

519017 SUOLUWIOD AR 3|01 ddke aU) Ad poueA0B 312 SOOI YO ‘95N JO S9N 10} AIRIGITBUIIUO AB|IA UO (SUONIPUOD-PLB-SLLLIBILLCO" A |1 ARc]1jBU 1 |UO//'SANL) SUO1IPUOD) PUE SWLB | 841 39S *[£20Z/80/v ] Uo ARRiqi1 aUIIUO AB]1M ‘(U1 BANGE-T) 8anopesy Aq JGE2'q1/Z00T 0T/10p/w00 /B | 1m A Rid1puluo//sdiy WwoJy papeojumod ‘0 ‘099t260T


http://wileyonlinelibrary.com/jctb

Evaluation of carbon-based anode materials in BES

@)
SClL

where science
meets business

WWW.S0Ci.org

conditions. Five of the MFCs used the same anodes as in the pre-
vious sections, and a different configuration named CF3 circularly
stacked was tested in the sixth one and is discussed separately at
the end of this section.

As can be observed in Supporting Information Fig. S4 as current
and Fig. S5 as current density, there was an apparent influence of
the anode material and its electroactive area (Table 1) on the pro-
duction of current (Table 3). Using CB as the anode, the cell inten-
sity was more than twice the intensity produced by CF1, CG and
CF2. CF3 showed an intermediate behaviour - worse than CB
but better than the other three electrodes. Compared with other
carbonaceous anode materials employed, CB exhibited the best
results (Table 3 and Supporting Information Figs S4 and S5),
obtaining the highest current output of approximately 7 mA
(480 mW) after several batches, with a maximum CE of 85%.

Unlike other studies, we will also discuss the results considering
electroactive areas and not the geometric surface areas, to reflect
that not all geometric area is electroactive. The geometric area
gives an idea of the prospective space that microorganisms can
interact with but, depending on the type of material, it will not
be directly related to the electroactive area of the electrode. The
percentage of the electroactive geometric area depends on the
roughness of the material and its conductive properties.

The high electroactive area of CB (2.02 cm?) plays an essential
role in high CE and current generation because it enhances bacte-
rial growth on the anode surface. Following CB, CF3 (with the
highest electroactive area of 2.93 cm?) achieved a maximum cell
intensity of 5.7 mA (325 mW) (Table 3) and a maximum CE of
94%. The better performance of CF3 was reflected in the current
output, as well as in the EIS analysis and polarization curves
(Table 1). These results also agree with other reports in the litera-
ture showing that cylindrical brush anodes generally produced
higher current densities than flat carbon felt, carbon cloth and
carbon paper anodes when coupled to a cathode with a platinum
catalyst.>”

It can also be observed (Supporting Information Fig. S4) that the
intensity of CF2 incremented to a certain extent and evidenced a
decrement after 40 operation days. This might occur due to the
declination of electrochemical activity by degrading the anodic
biofilm or possible biofouling, and therefore it is shown as the
least appropriate anode material for long-term operation.

Even though the CF1 anode had the lowest maximum intensity
compared to other anode materials, it presented higher current
density when normalized to the electroactive area (Table 3). After
CF1, CB and CF3 obtained higher maximum current densities of
35.7 and 18.4 A m™2, respectively. Despite the better current out-
put, the maximum current density of CB and CF3 normalized to
the electroactive area is much lower than the CF1 electrode due
to its very low electroactive area. The current density for CF2 is
not reported since its electroactive area could not be determined.

However, when the current densities are calculated normalized
with the projected surface area (Table 3 and Supporting Informa-
tion Fig. S5), CB and CF3 present the highest values, consistent
with results obtained from the electrochemical techniques previ-
ously reported. In other works, the current density has been
reported to exceed 20 A m™2 with graphite thin felt anode (pro-
jected surface area of 150 cm? and 0.4 cm thickness) and 0.5 mg
Pt cm™2 carbon felt air-breathing cathode.?®

Overall, these results confirm that CBs are more suitable for bac-
terial adhesion and electron transfer due to their configuration
and electroactive area. Therefore, they have qualities that make
them a very good option for scaling up MFC systems. Moreover,

considering the long-term operation of MFCs, CB has an advan-
tage over other carbonaceous anodes, such as carbon felt, which
can become problematic because clogging the pores with biofilm
can reduce its efficiency. On the other hand, because the brush
contains very fine fibres with plenty of circulation room around
them, dead bacteria do not clog the brush.>® However, another
frame of reference is that larger-scale BES require compact archi-
tectures to treat wastewater efficiently. In this scenario, CF3 car-
bon felt could be a good alternative, with nearly similar
performance.

Besides the nature of the material, CB and carbon felt have dif-
ferent shapes that can also affect the performance of the cells
working with these anodes. This fact makes the comparison
between these anodes a bit unfair. A similar geometry to CB of
carbon felt anode was studied to create a more reasonable and
fair comparison. Since among the three carbon felt anodes
employed in this study CF3 presented better results, another con-
figuration for CF3 was investigated. The CF3 material was cut into
small circles and then stacked vertically, simulating the geometric
shape of the CB. The circularly stacked CF3 design had a maxi-
mum current output of 7.2 mA (Table 3 and Supporting Informa-
tion Fig. S4), similar to the CB and higher than the rectangular CF3
design, due to their larger surface area and closer electrode spac-
ing. Comparing the current density normalized to the anode sur-
face area against rectangular CF3, the circularly stacked CF3 had
the maximum current density of 16.4 A m™2 — better than CF3
(143 Am™2 and slightly higher than CB (15.9 A m™). In sum-
mary, these results show that CF3 material can provide CB-like
performance when using CB-like geometry.

MEC performance of carbon-based anode materials

After obtaining the results reported above, the anodes were trans-
ferred to MEC operation for 40 days. For each anode material, the
performance obtained in terms of current intensity is presented in
Supporting Information Fig. S6 as current and Fig. S7 as current
density. Hydrogen production rate, CE, r,; and maximum inten-
sity are reported in Table 4. The current intensity in MEC
decreased regarding MFC operation for CF1, CF2 and CF3
(Supporting Information Fig. $6), indicating lower exoelectrogenic
activity, which is common when switching from MFC to MEC. Dur-
ing MFC operation, the cathode is aerobic and therefore there is a
chance of oxygen intrusion to the anode, which can affect the
microbial community present on the anode.*® On the other hand,
in MEC, the cathode was kept under anaerobic conditions, leading
to the presence of strict anaerobic bacteria in the system. Apart
from that, the pH of the solution in MEC could change due to
hydrogen production affecting its microbial community as well.
Other factors can also influence the current density in MEC
(cathodic catalysts, applied voltage, ohmic resistance and so
on).*"*2 For example, the limitations in current density due to
cathodic reaction and ohmic resistance could be attenuated by
using better materials and improving reactor design. Neverthe-
less, more studies should be performed to identify the main limit-
ing factor for current densities in MEC.

The highest current intensity in MEC was observed for CB, reach-
ing about 7.5 mA. A similar current intensity of 7.3 mA was mea-
sured on average for MEC with CF3 circularly stacked. The
current CB and CF3 stacked intensity trend circularly correlated
well with the better performance observed in MFC operation.

As expected, the maximum hydrogen gas production rates
(Table 4) varied for the different anode materials and remained
the highest at 1.04m>*> H, m™ d~' for CB and 0.92m?
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H, m~3 d~" for CF3 stacked. The rates produced here are compa-
rable to those in previous studies using similar carbon-based
anodes.?’?> To improve hydrogen production rate, previous
works suggested the use of a buffer in the catholyte solution
because it helps to maintain pH and reduces the cell internal
resistance.*®

Among the different types of anode materials, CB, CG and CF3
circularly stacked had the highest CE, as expected, based on the
highest peak currents. The higher the current intensity, the less
likely it is that the acetate will be consumed by other routes. These
values indicate the high efficiency of capturing electrons from the
acetate in the form of current.

The cathodic hydrogen recoveries (r.,,) were the largest for CB,
CF3 and CF3 circularly stacked, with 90%, followed by 98% and
99%, respectively. A lower r.;; means that the generated electrons
were lost to methane generation or other alternative reactions
rather than recovery as hydrogen gas.* It is also worth mention-
ing that there was a decrease in r, at increased reaction times,
which coincided with the loss of biogas purity, starting from high
relative composition of hydrogen, and ending up enriched in
methane. As a matter of fact, for each MEC, the composition of
the gas collected for the last batch cycles entirely contained meth-
ane. Hydrogenotrophic methanogens were most likely responsi-
ble for low hydrogen gas recovery due to the high formation of
methane. In any case, this is a typical problem observed when
operating single-chamber MECs.*

Overall, considering the results obtained under MEC operation,
it was concluded that CB and CF3 circularly stacked demonstrated
better overall performance amongst the carbonaceous anodes.

Microbiological analysis

The microbial community analysis showed that the anode elec-
trode material affected the enriched microbiome (Fig. 7). At the
class level, the microbiomes on the electrodes producing the
highest current, namely CB and CF3, were dominated by Desulfur-
omonadia, the relative abundances being 55.4-60.9% and 38.4-
48.9%, respectively. The dominant family was Geoalkalibactera-
ceae, with relative abundances increasing to 60.9% in CB and
42.6% in CF3. Geoalkalibacter species have been reported to sup-
port efficient electricity generation in BES, especially under saline
conditions.***® The current densities have been reported to
increase up to 8.5 A m~2%

On CF2 and CG, Gammaproteobacteria were detected at the
highest abundance (45.4-52.4% and 31.8-32.4%). Over 16% of
the microorganisms were closely related to Nitrincola lacisaponen-
sis, while CF2 and CG samples also contained a significant abun-
dance of Azoarcus sp. (around 9.4%) or Halomonas sp. (around
8.9%), respectively. Other studies also detected bacteria in Nitrin-
cola genus from enriched electroactive biofilms.**>' Both sam-
ples also contained a significant abundance of Bacteroidia
(17.3-23.2% and 15.5-18.3%, respectively). Over 24% of the bac-
teria on CG biofilm belonged to Alphaproteobacteria.

The community on CF1 was dominated by Chrysiogenetes
(43.6-45.9%) and, while Desulfuromonadia (11.5-15.1%) were
also detected, the samples also contained a significant abun-
dance of Methanobacteria (16.8-21.6%), indicating that in this cell
a significant amount of acetate was consumed for methanogen-
esis. The dominant family was Chrysiogenaceae (43.6-45.9%),
and the dominant genus was detected to be sulfur- and nitrate-
reducing Desulfurispirillum,>* while Geoalkalibacter (11.5-15.0%)
were also detected. Clostridia were seen to be present in all the

samples, the abundances ranging from 2.4-2.6% in CF2 to 7.3—
10.8% in CF3.

As a conclusion of the microbiological characterization of the
different anodes, it was observed that the exoelectrogenic activity
offered by the different anodes was highly correlated with the
presence of ARB, specifically Geoalkalibacter.

Scanning electron microscopy

SEM was used for physical characterization of the biofilms on the
carbon-based anode surface. Figure 8 displays the SEM images of
the surface of the different anodes employed. The different bio-
film structure on CB can be observed, where the biofilm colonized
the carbon fibre brush with considerable thickness. More space
exists between intersectional carbon fibre biofilm than a smooth
and uniform biofilm structure on carbon felts. The fact that CB pre-
sents a porous structure may lead to better substrate access,
resulting in high current density and explaining why the CB per-
forms better in terms of current output. It is also noteworthy that,
although the biofilm formed at the surface of CF3 contained less
biomass than CF1 and CG, it showed a higher current density.
Moreover, the developed biofilm on the CG showed different
morphological characteristics from the biofilm on the carbon felt
and CB electrodes. This result can be mainly attributed to different
CG structures than other electrodes with different fibre arrange-
ments. Also, the heterogeneous nature of the microbial popula-
tion in the inoculum can be observed.

It can also be noted that the biofilm did not cover the electrode
surface in all cases and showed extensive voids, especially for CF2.
The biofilm presented by CB was relatively compact and showed
fewer voids. Therefore, it is the most appropriate since it has been
reported that gaps in the biofilm structure may result in reduced
contact for the transfer of electrons and consequently decrease
MFC performance.*® However, it should also be mentioned that
void spaces are beneficial for mass transport within the biofilm
structure by making water channels that aid the substrate sup-
ply.>* Based on these results from the surface SEM images, it is evi-
dent that the CB and CF1 presented visually compact and dense
structures in which microorganisms are embedded in extracellu-
lar polymeric substances. It can also be observed that, although
CF3 showed better overall performance than some other anode
materials, it had visually less amount of biomass on the surface.
This thin and open biofilm structure of CF3 may allow for a suffi-
cient substrate migration without hampering electron transfer
to the anode. This might explain the high activity but low biomass
on the surface.

Indeed, using carbon materials as anodes with a high micro-
bially accessible surface area is beneficial for MFCs. However,
other factors like the electrode material cost, required space and
liability to clogging must be considered.

CONCLUSIONS

Different carbon-based materials as bioanodes and two different
start-up strategies were studied in this work. During the start-up
phase, the current output of PA was better than ER due to the
increase of substrate oxidation driving force. PA demonstrated a
slightly more efficient approach for the faster start-up than ER,
suggesting that a poised applied potential of 200 mV during bio-
film enrichment affects the electron transfer mechanism. How-
ever, operating various MFCs continuously at a fixed potential
during real-world conditions will have some practical implications
as it would require an expensive multichannel potentiostat, while
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the results obtained during stable operation are very similar to 9
those with ER.
Based on the results obtained for carbonaceous anodes, CB
and CF3, both rectangular and circularly stacked cylindrically, 19
were the optimum anode as they were effective in terms of max-
imum current intensity, CE, hydrogen production rate and
cathodic recovery efficiency. The better performance of these
anodes was consistent with CV, EIS and polarization tests, which
showed the maximum intensity and lower internal resistance of 12
CB and CF3 than the other carbon-based anode materials
tested. 13
The microbial community analysis results and SEM indicated
that the materials demonstrating the highest electricity produc- 14
tion efficiencies in the performance analysis (CB and CF3) sup-
ported the development of efficient electroactive biofilms with a
high fraction of Geoalkalibacter, which enhanced the CE and
hydrogen production rate.
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