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ABSTRACT 
Exoelectrogenic biofilms are consortia of microorganisms that can transfer the 

electrons resulting from its metabolism to external electron acceptors, including 

solid elements. This metabolic particularity, which is widespread in nature, has 

been technologically exploited in bioelectrochemical systems which use 

exoelectrogenic biofilms as catalysts in reduction/oxidation reactions in 

electrochemical cells. This biocatalysed electrochemical cells are finding multiple 

applications in energy production and waste management fields, activating new 

synergies between them since these devices could be envisaged as a nexus 

between electric and chemical energy. 

The main objective of this thesis is to advance towards the application of 

exoelectrogenic biofilms involved in bioelectrochemical oxidative processes, 

specifically in bioelectrochemical enhancement of anaerobic digestion and 

organics degradation. 

The first focus of application was the improvement of anaerobic digestion, trying 

to make it more resilient to the accumulation of volatile fatty acids (propionic) and 

to increase methane production. In this regard, the utilization of the 

bioelectrochemical enhancement proved to improve methane production and 

ameliorate propionate accumulation. The use of exoelectrogenic biofilms in 

technologies such as anaerobic digestion led to the conclusion that these biofilms 

will often work in conditions where dissolved oxygen could be present. This idea 

was developed in a specific chapter which concluded that the proliferation and 

biocatalytic activity of Geobacter based biofilms depends on the anaerobic 

microenvironment provided by aerobic microorganisms. 

The second application focus of the thesis was the 2-mercaptobenzothiazole 

(MBT) degradation, where the biotoxicity of MBT-contaminated streams was 

reduced in a biocatalytic oxidation process in a microbial electrolysis cell. This 

application showed the benefits of electrodeposited graphene oxide enhanced 

electrodes, a materials modification process that was previously developed in a 

separate chapter. The graphene oxide modified electrodes revealed an 

accelerated start-up process, a robust biofilm formation and a selective 

enrichment in the exoelectrogenous genus Geobacter. The success in the 



xiv 
 

application of graphene oxide modified electrodes prompted the search for 

materials with new properties for exoelectrogenic biofilms development, which 

led to the investigation of polylactic acid/graphene electrodes, which have a 

performance comparable to materials conventionally used in microbial 

electrochemical technologies and it can be constructed in complex shapes 

through additive manufacturing.  
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RESUMEN 
Las biopelículas exoelectrogénicas son consorcios de microorganismos que 

pueden transferir los electrones resultantes de su metabolismo a aceptores de 

electrones externos, incluyendo elementos sólidos. Esta particularidad 

metabólica, muy extendida en la naturaleza, se ha explotado tecnológicamente 

en los sistemas bioelectroquímicos que utilizan estas biopelículas como 

catalizadores en reacciones de reducción/oxidación en celdas electroquímicas. 

Las celdas electroquímicas biocatalizadas están encontrando múltiples 

aplicaciones en los campos de producción de energía y gestión de residuos, ya 

que podrían activar nuevas sinergias entre ellos dado su papel como nexo entre 

la energía eléctrica y la química. 

El objetivo principal de esta tesis es avanzar en la aplicación de las biopelículas 

exoelectrogénicas implicadas en procesos oxidativos bioelectroquímicos, 

concretamente en mejora de la digestión anaerobia y la degradación de 

compuestos orgánicos. 

La primera aplicación contemplada fue la mejora de la digestión anaerobia, 

buscando un comportamiento más robusto frente a la acumulación de ácidos 

grasos volátiles (propiónico) y un aumento de la producción de metano. En este 

sentido, la utilización del sistema bioelectroquímica demostró mejorar la 

producción de metano y retardó la acumulación de propionato. El uso de 

biopelículas exoelectrogénicas en tecnologías como la digestión anaeróbica 

llevó a la conclusión de que estas biopelículas podrían sufrir condiciones de 

presencia de oxígeno disuelto. Esta idea se desarrolló en un capítulo específico 

en el que se concluyó que la proliferación y la actividad biocatalítica de las 

biopelículas con alta presencia de Geobacter depende del microambiente 

anaeróbico proporcionado por ciertos microorganismos aerobios. 

La segunda aplicación en la que se centró la tesis fue la degradación del 2-

mercaptobenzotiazol (MBT), donde se redujo la biotoxicidad de efluente con 

MBT en un proceso de oxidación biocatalítica en una célula de electrólisis 

microbiana. Esta aplicación mostró los beneficios de los electrodos mejorados 

con óxido de grafeno electrodepositado, un proceso de modificación de 

materiales que se desarrolló previamente en un capítulo independiente. Estos 
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electrodos revelaron un proceso de arranque acelerado, la formación de una 

biopelícula robusta y un enriquecimiento selectivo en el género exoelectrogénico 

Geobacter. El éxito en la aplicación de los electrodos modificados con óxido de 

grafeno impulsó la búsqueda de materiales con nuevas propiedades para el 

desarrollo de biopelículas exoelectrogénicas, lo que condujo a la investigación 

de electrodos de ácido poliláctico/grafeno, que resultaron proporcionar un 

rendimiento comparable al de los materiales utilizados convencionalmente en las 

tecnologías electroquímicas microbianas y que pueden construirse con formas 

complejas mediante la fabricación aditiva. 
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    CHAPTER 1 
 

1.1. EXOELECTROGEN BIOFILMS 

Exoelectrogens are microorganisms capable of transferring electrons to an 

external electron acceptor (humic acids, metal oxides, nitrate, fumarate, 

among others) as a result of its catabolism (Reguera and Kashefi, 2019). This 

surprising feature, mostly shown by bacteria, suppose an advantage for living-

beings which occupies ecological niches characterized by the lack or other 

electron acceptors, like oxygen (Logan et al., 2019). 

This "delocalization" of metabolism outside the cell (figure 1.1), usually goes 

hand in hand with an associated form of bacterial growth called biofilm, as the 

aforementioned low oxygenated environments are soils or sediments that are 

not suitable for free cells activity.   Even though exoelectrogenic 

microorganisms (and more generally, electroactive microorganisms) can grow 

as planktonic cells, they are most frequently found forming biofilms, both in 

nature and in engineered environments (which will be discussed in more detail 

below) (Reguera and Kashefi, 2019). 

Although we have started from the particular idea of "exoelectrogenic biofilm" 

as a specific grouping of exoelectrogens, in fact biofilms often consist of a 

complex ecosystem in which a complex metabolic network is formed. Often, 

the exoelectrogens are only the final link in the metabolic network, and it 

becomes necessary to “track” the electrons paths across this network. The 

association of taxonomically different microorganisms in the same 

exoelectrogenic biofilm not only leads to synergistic metabolic associations 

(Freguia et al., 2008), but can also induce the creation of microenvironments 

in which the physical and chemical conditions are conducive to the survival of 

micro-organisms that a priori would not thrive in the "general" conditions to 

which the community is exposed (Yan et al., 2020). 

This fact is of relevance in many BES applications where biofilms may 

eventually be exposed to air, and therefore to oxygen. Chapter 5 addresses 
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INTRODUCTION 

this issue by studying the mechanisms that allow the development of 

anaerobic exoelectrogens in air-exposed biofilms. 

 

Figure 1.1. Schematic comparison between conventional and exoelectrogenous cellular 
metabolism. 

1.1.1. Application of exoelectrogenic biofilms: 
bioelectrochemical systems 

Although the relationship between electro-physiology and biota respiration goes 

back to 1911 (Potter and Waller, 1911), the technological application of this 

phenomenon is much more recent and it marked the birth of bioelectrochemical 

systems (Berk and Canfield, 1964). Bioelectrochemical systems (BES) can be 

understood as electrochemical cells in which electroactive microorganisms 

(usually forming biofilms) act as bioelectrocatalyst. In order to understand BES, 

it is therefore necessary to have a prior understanding of what an electrochemical 

cell is and the importance of catalysis in its operation. A broad definition of an 

electrochemical cell could be this: a device capable of either generating electrical 

energy from chemical reactions or using electrical energy to induce chemical 

reactions. This definition points out to a first classification of electrochemical cells 

(and hence of BES): if the global reaction at the cell causes an electrical current 

to flow, the reaction is spontaneous and the cell is called galvanic. On the other 

hand, when the reaction relies on a forced flow of electrical current, the reaction 

is non-spontaneous and, conversely, the cell is called electrolytic. In both cases, 

https://en.wikipedia.org/wiki/Electrical_energy
https://en.wikipedia.org/wiki/Electrical_energy
https://en.wikipedia.org/wiki/Chemical_reaction
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the energy of the flowing electrons (the current) depend of a magnitude called 

cell potential, which is directly related with the driving force of the overall chemical 

process. At this point, it is essential to indicate the source of the electrons that 

will be flowing. They come from a chemical species that is oxidized (loss of 

electrons) and go to another species that is reduced (gain of electrons) via an 

external circuit. The partial processes of reduction and oxidation are called half-

reactions and their occurrence is conditioned by half-reaction potentials that 

make up the global cell potential. The transfer of electrons from the reactants to 

the external circuit and vice versa in both half-circuits can be facilitated by certain 

materials, the electrocatalyst, which therefore directly influence the reactions 

kinetics. By exploiting the clear parallels between BES and conventional 

electrochemical cells, it is possible to understand the application of 

bioelectrocatalysts, which enable redox reactions to occur at more favorable 

potentials, making certain electrochemical processes energetically 

advantageous. This thesis is mainly dedicated to the study of biocatalyzed 

oxidative reactions, so the processes that will be analyzed are those which 

implies electron transfer to the electrodes (the solid elements which bound the 

external electric circuit). These electrodes are called anodes, and the term 

bioanodes refers to a biocatalyzed anodes in the context of BES. Again, in view 

of the conventional classification of electrochemical cells into galvanic and 

electrolytic, we can make them correspond to other forms of operation for BES. 

Microbial fuel cells (MFC), where a spontaneous reaction is used to produce 

electrical energy, and microbial electrolysis cells (MEC), where electrical energy 

is transformed into useful products (Schröder, Harnisch and Angenent, 2015). 

The experiments that have led to the writing of this thesis have been carried out 

operating the cells or reactors as MECs. 
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Figure 1.2 Working principle of BES. The electroactive microorganisms catalyze the 
organic matter oxidation, transferring the obtained electrons to the anode. Subsequently, 
the electrons are transported to the cathode through the external circuit. If the cell is 
galvanic, the circuit consist in an electric load (MFC). If the reaction is non-spontaneous, 
then is necessary a power source (MEC). In both cases, protons migrate from the anode 
to the cathode to perform reduction reactions (e.g. hydrogen evolution or water 
formation) 

1.1.2. The search for performance through improved electrodes 

The application of exoelectrogenic biofilms in BES (briefly explained in the 

previous section) advanced the importance of the solid elements (the electrodes) 

on which the biofilms (i.e. the bioelectrocatalyst) proliferate and to which they 

transfer the electronic current. The improvement of BES performance depends 

on the capacity or rate of electron transfer from the biofilm to the electrode, 

reflected in the current density. This aspect has led to an active interdisciplinary 

research field in the search for new electrode materials, or the modification of 

existing ones, focusing not only on the materials themselves, but also on their 

relationship with the microorganisms that will grow on them (Chiranjeevi and Patil, 

2020). Two of the chapters of this thesis are dedicated to this field, chapter 7, 

which pursues an electrochemical modification of a commonly used electrode 

material in BES, and chapter 8, which studies the feasibility of a polymer for the 

manufacture of electrodes focused in BES development. 
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1.2. THE ROLE OF BES IN THE SUSTAINABLE WASTE 
MANAGEMENT 

1.2.1. Bioelectrochemical improvement of anaerobic digestion 

Anaerobic digestion (AD) and BES are usually seen as competing technologies 

in the field of energy valorization of organic wastes. However, under some 

circumstances they can be also regarded as collaborating technologies (Escapa 

et al. 2016). Figure X provides a global view of the integration possibilities of BES 

and AD. Among these options, integrating a MEC within a digester could promote 

biogas production and methane richness (Geppert et al. 2016) and stabilize the 

digestion process by delaying volatile fatty acid build-up (Moreno et al. 2018). A 

further positive aspect is that BES can be relatively easily merged within already 

operating anaerobic digesters (Bo et al. 2014) and multiple alternatives for 

integration have been devised in this regard (Beegle and Borole 2017). In this 

thesis, a direct integration, focused in propionate accumulation mitigation has 

been essayed (Chapter 4). In this context, BES can also provide a link between 

the chemical and electrical power industries, opening interesting novel 

opportunities for both sectors. The increasing share of renewable generation in 

the electric mix and their intermittent nature can be a source of grid stability issues 

resulting from a mismatch between load and source (e.g., fluctuations in the 

renewable energy generation). Here, BESs can become an alternative to more 

conventional energy storage technologies, providing a means for stocking power 

surplus as combustible gas (CH4) (Moreno et al. 2016). 
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Figure 1.3. Possibilities for the integration of BES in wastewater treatment processes. In 
this thesis chapter 4 deals with the direct integration of a BES in an anaerobic digester. 

1.2.2. BES for bioremediation 

BES have been proposed as a versatile bioremediation technology for a wide 

range of environmental contaminants, since a plethora of half-reactions can occur 

at each electrode (Wang et al., 2020). One of the first applications of BES to 

bioremediation was the reduction of U(VI) to U(IV) (less soluble and therefore 

less environmentally hazardous) in groundwater, using organic compounds as 

electron donors (Gregory and Lovley, 2005). Following this spectacular starting 

point, other studies have investigated the possibility of using BES to reduce other 

species (Perchlorate, Cd, Pb, Hg and Cr) to less hazardous forms (Wang et al., 

2020), often with a concomitant resources recovery (Modin et al., 2012; Wang 

and Ren, 2014) which could improve the economic feasibility of the treatment.  

With regard to oxidative bioremediation processes, which mainly occur at 

bioanodes, the degradation of a variety of contaminants (e.g., hydrocarbons 

(Mohanakrishna, Al-Raoush and Abu-Reesh, 2020), BTEXs (Yang et al., 2020), 

pharmaceuticals (Syed et al., 2021) and other contaminants of lower oxidizing 

potentials) has been proved. In this respect, the first pilot-scale bioremediation 

systems are being implemented, which take advantage of the redox gradients 

between oxygenated and anoxic zones in wetlands to promote the oxidation of 
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organic pollutants (Wang et al., 2020). The application of BES to a wider variety 

of pollutants and, especially, their incipient implementation at larger scales, is 

pointing to the importance of finding readily available, high performance electrode 

materials. In this thesis, the feasibility of bioelectrochemical degradation of the 2-

mercaptobenzothizaole in a MEC has been explored (chapter 6), using the 

electrode modification procedure presented in chapter 7 as resource for increase 

the process performance. 
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2.1. OBJECTIVES 

The main objective of this Thesis is to widen the application spectrum of 

exoelectrogenic biofilms, overcoming specific limitations related to bioanodic 

processes. In order to achieve this main goal, the following specific objectives 

were proposed: 

1. Shed light on the metabolic interactions that could be contributing towards 

bioanodic propionate degradation in a hybrid anaerobic digestion/microbial 

electrochemical technology reactor. 

2. Elucidate the structure and performance of an electrogenic biofilm that 

develops on air-exposed carbon felt electrodes, commonly used in 

bioelectrochemical systems. 

3. Develop an effective method for graphene oxide (GO) electrodeposition on a 

carbon based electrode, studying the aptitude of this modified electrode to sustain 

an exoeletrogenic biofilm. 

4. Investigate the degradation mechanism of MBT in the anodic biofilms, 

assessing the improved performance of graphene-modified electrodes. 

5. Perform a proof of concept for 3D printed PLA/Graphene electrodes as support 

for anodic biofilm growing. 

2.2. THESIS OUTLINE 

This PhD thesis is divided into eight chapters. The presentation of the 

experimental chapters (4-8) has followed a structure that starts from those closest 

to the applications of exoelectrogenic biofilms to those that study fundamental 

aspects of microbial electrochemistry (electrode materials and biofilm research), 

as shown in figure 2.1. 
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• Chapter 1: Introduction 

This chapter provides a general overview regarding the exoelectrogenic biofilms 

and its application to microbial electrochemical technologies. A short literature 

review was provided as state of the art of the thesis topics. 

• Chapter 2: Scope of the thesis 

Objectives, scope and outline of the thesis are presented in this chapter.  

• Chapter 3: Materials and Methods 

Materials, reactors, substrates, inocula and analytic techniques used in the 

experimental chapters are described here.  

• Chapter 4: Integrating microbial electrochemical technologies with 
anaerobic digestion to accelerate propionate degradation 

The aim of chapter 4 is to evaluate the integration of microbial electrochemical 

technologies (MET) with anaerobic digestion (AD) to overcome AD limitations 

caused by propionate accumulation. The study focuses on understanding to what 

extent the inoculum impacts on the behavior of the integrated systems (AD-MET) 

from the perspective of propionate degradation, methane production and 

microbial population dynamics. 

• Chapter 5: Characterization of Anaerobic Biofilms Growing on Carbon 
Felt Bioanodes Exposed to Air  

Chapter 5 tries to characterize the structure and performance of an 

exoelectrogenic biofilm that develops on air-exposed, carbon felt electrodes, 

commonly used in bioelectrochemical systems. 

• Chapter 6: Degradation of 2-mercaptobenzothizaole in microbial 
electrolysis cells: Intermediates, toxicity, and microbial communities 

https://www.sciencedirect.com/science/article/pii/S0016236120301538
https://www.sciencedirect.com/science/article/pii/S0016236120301538
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Chapter 6 is dedicated to investigate the bioanodic degradation of MBT in a 

microbial electrolysis cell (MEC). This chapter also analyzes the influence of 

graphene-modified anodes in the degradation process. 

• Chapter 7: Graphene oxide electrodeposited electrode enhances start-
up and selective enrichment of exoelectrogens in bioelectrochemical 
systems 

In this chapter, the effects of GO in the anodic microbial communities of MECs 

were investigated. The GO electrodeposited electrodes were characterized and 

then used as electrode in a bioelectrochemical reactor. 

• Chapter 8: Graphene-enhanced 3D printing polymer for 
bioelectrochemical systems electrodes 

The aim of chapter 8 is to perform a proof of concept for 3D printed 

PLA/Graphene electrodes in a bioelectrochemical system. 

• Chapter 9: General conclusions and outlook 

Summarizes the main conclusions drawn from this work and outlines some 

guidelines for future research. 

2.3. RESEARCH FRAMEWORK 

The activities of this Thesis were carried out at the Chemical, Environmental and 

Bioprocess Engineering Group (IQUIMAB) from the University of León, under the 

supervision of Dr. Antonio Morán and Dr. Adrián Escapa. The thesis was 

developed within the doctoral program on “Production and computation 

engineering” at the University of León and was financially supported by the grant 

program of University of León. 

In the last twelve years, IQUIMAB has worked in several research activities 

ranging from energy valorization through different bio-based technologies 

(anaerobic digestion and microbial electrochemical technologies mainly), to the 

production of biofertilizers. In this context, the first PhD Thesis on 

Bioelectrochemical Systems was completed in 2012 and the present thesis 
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continues with this research line. In the last years, efforts to use MET in waste 

treatment and subsequent energy production (in form of electricity, hydrogen or 

methane) have been joined by lines of nutrient recovery and bioelectrosynthesis 

of organic compounds, promoting the use of CO2 from other processes. 

 

Figure 2.1. General overview of this PhD thesis 
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3.1.  INTRODUCTION 

The development of any experiment in the field of microbial electrochemical 

technologies inevitably involves three areas of knowledge, microbiology, 

electrochemistry and engineering in its most general conception. In this brief 

exposition of the experimental methodology and the materials associated with it, 

we start from the reactors used and their different scales to the necessary 

analytical techniques, including the inocula used to develop the exoelectrogenic 

biofilms and the substrates that allow them to carry out their metabolism.  

 

3.2. REACTORS 

The bioelectrochemical reactors used throughout this thesis have had 

heterogeneous configurations according to the experimental needs (Fig 3.1). A 

common feature across all the experiments is the use of single-chambered 

reactors (membraneless). This section aims to provide a general comparative 

overview, especially in terms of scale (ranging from 50 mL to 4 L). For details on 

the specific configurations, the reader is referred to the materials and methods 

section of each chapter. 

The five reactors used in chapter 4 have a similar configuration (Fig 3.1A). They 

consist in methacrylate cylindrical vessels of 4 L, and suppose the larger 

experimental scale of the thesis experimentation. The electrodes (both anode 

Reactors
• 50 mL • 500 mL
• 250 mL • 4 L

Substrate and Inocula
• Acetate •River mud
• Propionate •Anaerobic sludge

Analytical Methods
• Cyclic voltammetry •Metagenomics 
• Impedance spectroscopy •qPCR
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and cathode) consist of graphite rods and the cell follows a two-electrode 

arrangement (A reference electrode was used only for measuring purposes). 

In chapter 5, a taylor-made cell, specifically designed for easy microsensor 

measuring was used (Fig 3.1B). The total volume was 50 mL, and the electrical 

connection follow a three electrode schematic. 

The chapter 6 experiment was conducted in MECs constructed by modifying 6 

250 mL Duran® bottles. The cell connection was done in two electrode mode. 

The MECs used in chapter 7 was constructed from polycarbonate cut to produce 

a cylindrical chamber with an empty bed volume of 50 mL (Logan et al., 2008). 

The cell connection was done in two electrode mode (Fig 3.1C). 

The 3 reactors used in chapter 8 consist in modified Duran® bottles of 500 mL 

which allowed easy housing of the electrochemical apparatus (Fig 3.1D). A three-

electrode connection was used. 

 

Figure 3.1. Photographs of some reactors used in this thesis experimentation. Chapter 
4 (A), chapter 5 (B), chapter 7 (C) and chapter 8 (D). 

3.3. SUBSTRATES AND INOCULA 

3.3.1. Substrate 

The substrate used varies depending of the experiment performed, but in all 

cases synthetic substrates was used. A summary of these substrates is shown in 

table 3.1, while a deeply description of each substrate and media is provided in 

the corresponding chapters. 

 

A B C D 
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Table 3.1. Summary of the inocula and substrates used in each chapter. 

Chapter Inoculum Substrate 
4 River mud and  anaerobic sludge Acetate and propionate 

5 River mud Acetate 

6 River mud Acetate and MBT 

7 River mud Acetate 

8 River mud Acetate 

 

3.3.2 Inocula 

All experiments was performed using environmental inocula, although sometimes  

a pre-enrichment procedure was used. The sources of inoculum were digestate 

obtained from the local WWTP and river mud. 

3.4. ANALYTICAL METHODS 

This section details the analytical techniques used in broad terms throughout the 

experimental phase of this thesis. The specific techniques used in each 

experimental chapter are described in the corresponding materials and methods 

section. 

3.4.1. Chemical analysis 

Table 3.2 gives a summary of instrumentation used to measure each parameter. 

Table 3.2. Parameter, instrument and model for the analytic. The analyses marked with 
an (*) are made in accordance with Standard Methods (APHA, 2012). 

Parameter Instrument Model 
pH* pHmeter GLP 21 pH meter (Crison) 

Conductivity* Conductimeter TetraCon 325 (WTW) 

Total Organic Carbon (TOC)* Multi N/C analyzer 3100 (Analytikjena) 

Total Nitrogen (TN)* Multi N/C analyzer 3100 (Analytikjena) 

H2/CH4/CO2/air Gas chromatography CP 3800 GC (Varian) 

Gas flow Milligascounter MGC-1 PMMA (Ritter) 

Volatile Fatty Acids (VFA)* Gas chromatography 450-GC (Bruker) 
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3.4.2. Electrochemical techniques 

The electroanalytic techniques has been extensively used in this thesis. The 

performed techniques can be ascribed to potentiostatic methods, considering the 

electrochemical impedance spectroscopy (EIS) as a specific branch of them 

(Bard and Faulkner, 1980). All the experiments have been carried out in a VMP3 

potentiostat (Fig 3.2) (Biologic Science Instruments, France), except the 

polarization study of chapter 4, which was performed using a low-cost 

potentiostat (nanoelectra NEV 4, Spain). When a reference electrode must be 

used, a commercial Ag/AgCl (3.5M) electrode was used. 

 

Figure 3.2. Electrochemical analysis apparatus, electrochemical essay cell and 
potentiostat. 

Chronoamperometry 

Chronoamperometry consist in applying a constant potential to the working 

electrode and monitoring the resulting current from faradaic processes (when we 

can consider stationary conditions and the capacitive currents are negligible) 

occurring as a function of time. These technique allows to apply the necessary 

driven force to the MECs during its normal operation. 

Cyclic voltammetry 

In a cyclic voltammetry (CV) experiment, the working electrode potential change 

linearly versus time, following a triangular pattern (Fig 3.3A). The rate of potential 

change over time is known as the scan rate. The potential is poised between the 

working electrode and the reference electrode, while the current is measured 

between the working electrode and the counter electrode. The data analysis 

where carried out by plotting the current as function of the working electrode 

potential (Fig 3.3B). The CV is a powerful tool to study electron transfer reactions 
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(Bard and Faulkner, 1980) in biotic and abiotic systems, especially in a qualitative 

way. CV has been extensively used in exoelectrogenic biofilm characterization 

(Richter et al., no date; Marsili et al., 2008; Roy et al., 2014) 

 

 

 

Figure 3.3. Applied waveform (A) and response (B) during a CV experiment in a 
biocatalized electrode. 

Electrochemical impedance spectroscopy 

EIS use an alternating perturbation (AC) signal as driving force, which is applied 

to the working electrode, thus obtaining a characteristic response from the 

electrochemical system (cell) under study. The system impedance is the 

relationship between the applied perturbation (potential) and the manifested 

response current as a wave signal at different signal frequencies (Orazem and 

Tribollet, 2011; Bonanos et al., 2018). This system impedance can be modelled 

using equivalent electrical circuits which allows the interpretation of interfacial 

phenomena (e.g. mass transfer, double layer capacitance) occurring at the 

working electrode. In this thesis, EIS will be used primarily for materials 

characterization. 

3.4.3. Microbial community analysis  

Genomic DNA (chapters 4,5,6,7,8) and RNA (chapter 4) were extracted for the 

electrodes at different sampling points with the DNA isolation kit and RNA 

purification kit, respectively, following the manufacturer’s instructions. In the case 

of RNA, a reverse transcription step PCR for complementary DNA (cDNA) 

A 

B 
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synthesis from the obtained RNA is performed. The entire DNA extract is used 

for the pyrosequencing of eubacteria 16S-rRNA gene based massive library. The 

primer set used was 27Fmod (5`-AGRGTTTGATCMTGGCTCAG-3`) /519R 

modBio (5`-GTNTTACNGCGGCKGCTG-3`)(Callaway et al., 2009). 

 

Figure 3.4 Graphite electrodes during two stages of DNA sample extraction. It can be 
observed the coloration difference between anodes (reddish, typical from Geobacter 
genus) and cathodes.  

Microbial richness estimators (Sobs and Chao1) and diversity index estimator 

(Shannon) were calculated with the defined OTUs table using MOTHUR software 

1.35.1. 
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ABSTRACT 

The aim of this study is to evaluate the integration of microbial electrochemical 

technologies (MET) with anaerobic digestion (AD) to overcome AD limitations 

caused by propionate accumulation. The study focuses on understanding to what 

extent the inoculum impacts on the behaviour of the integrated systems (AD-

MET) from the perspective of propionate degradation, methane production and 

microbial population dynamics. Three different inocula were used: two from 

environmental sources (anaerobic sludge and river sediment) and another one 

from a pre-enriched electroactive consortium adapted to propionate degradation. 

Contrary to expectations, the reactor inoculated with the pre-enriched consortium 

was not able to maintain its initial good performance in the long run, and the 

bioelectrochemical activity collapsed after three months of operation. In contrast, 

the reactor inoculated with anaerobic sludge, although it required a relatively 

longer time to produce any observable current, was able to maintain the 

electrogenic activity operation (0.8 A.m-2) as well as the positive contribution of 

AD-MET integration to tackle propionate accumulation and to enhance methane 

yield (338 mL.gCOD-1). However, it must also be highlighted that from a purely 

energetic point of view the AD-MET was not favourable.  

4.1 INTRODUCTION 

Anaerobic digestion (AD) is a well-established technology for the treatment and 

valorization of a broad range of complex organic wastes. However, under certain 

circumstances, AD can become unstable or inhibited by substances present in 

the waste stream or by metabolites such as volatile fatty acids (VFAs) that 

accumulate during the digestion process (Cerrillo, Viñas and Bonmatí, 2016). 

Among the latter, propionate represents a key fermentative intermediate as it can 

impede the methanogenic processes when in increased concentrations (Nielsen, 

Uellendahl and Ahring, 2007). This is because propionate degradation to CH4 

and CO2 requires the syntrophic interaction between bacteria and archaea 

(Nielsen, Uellendahl and Ahring, 2007; Cruz Viggi et al., 2014) for the overall 

reaction to become thermodynamically feasible (McInerney, Sieber and 

Gunsalus, 2009). As a result of this delicate equilibrium, propionate tends to 

accumulate when process imbalances or organic overloads occur, and its 
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concentration can remain high for significant periods of time after the disturbance 

(Lu et al., 2011). Thus, strategies to keep low propionate concentration in 

overloaded digesters would be helpful and desirable to maintain process stability 

and meet effluent requirements (Tale et al., 2011). Propionate accumulation in 

AD has been intensively investigated, and solutions have been proposed, even 

on a full scale (Ma et al., 2009). Thus, in the cited work, the authors succeeded 

in tackling propionate accumulation in a conventional digester by coupling an up-

flow anaerobic sludge blanket (UASB) reactor populated by a microbial 

consortium specifically selected to degrade propionate. Combining AD with a 

relatively recent group of technologies known as microbial electrochemical 

technologies (MET) has proven to be another suitable way of addressing some 

of the current limitations of AD (Aryal et al., 2018; Cerrillo, Viñas and Bonmatí, 

2018; De Vrieze et al., 2018; J. Park et al., 2018) such as the removal of 

pernicious levels of VFAs (like propionate) (Cerrillo, Viñas and Bonmatí, 2016; 

Moreno et al., 2018) or improving the methane content in the biogas.  It is 

important to note that the  integration of AD and MET can bring additional 

advantages such as the use of the  AD-MET system to storage excess energy 

from highly fluctuating renewable sources  (Aryal et al., 2018). To date, several 

approaches have been followed to integrate these two technologies. The first 

experiences relied on multi-stage systems in which the MET act as either a pre-

treatment (Zhen et al., 2017; De Vrieze et al., 2018) or post-treatment (Fradler et 

al., 2014; De Vrieze et al., 2018) to the AD. Using MET as a post-treatment can 

help to improve biogas composition, to  remove/recover nutrients from the 

digestate and even to eliminate persistent organic compounds (Aryal et al., 2018; 

De Vrieze et al., 2018; Mateos et al., 2020). Moreover, this multi-stage integration 

has the benefit that it does not demand substantial modifications on the 

architecture and design of either of the two systems. However, it usually requires 

a rather complex arrangement which makes the operation of the system difficult. 

Another option that tries to eliminate these issues is to integrate the MET directly 

within the AD system (Yin et al., 2016; Zhen et al., 2016; Lin et al., 2019), which 

has resulted in sometimes highly innovative designs (J. Park et al., 2018; Xu et 

al., 2019). These hybrid systems get closer to traditional AD, a fact that brings 

operational advantages but also brings some uncertainties such as: i) which 

inocula are most suitable for the start-up of this systems? ii) how do the electrodic 
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and planktonic (anaerobic digestion) communities interact during the degradation 

of propionate? and iii) to what extent does the MET system improve the AD 

process? 

In this study, by trying to provide answers to the questions indicated above, we 

aim at understanding how the second typology of AD-MET reactors could help to 

degrade propionate. Regarding electrode arrangement, we have opted for a 

design that can be easily integrated within conventional anaerobic digesters and 

that does not interfere negatively with its hydrodynamic behavior (Park et al., 

2017). Furthermore, this work tries to shed light on the metabolic interactions that 

could be contributing towards improved propionate degradation, and to what 

extent the inoculum source impacts on the process.  

4. 2.MATERIALS AND METHODS 

4.2.1 Bioreactor construction and experimental set-up 

The experimental set-up comprised five geometrically identical reactors named 

as R1, R2, R3, R4 and R5 (Table 1).  

Table 4.1. Experimental design. 

Reactor  Inoculum Rod material Applied potential  

R1 Anaerobic sludge Graphite Open circuit 

R2 Anaerobic sludge Nylon N/A 

R3 Anaerobic sludge Graphite 1 V 

R4 River sediment Graphite 1 V 

R5 Pre-enriched consortium Graphite 1 V 

 
Each reactor consisted of a cylindrical vessel made of methacrylate with an 

approximate liquid volume of 3.6 L and a headspace of 400 mL. Reactors R1, 

R3, R4 and R5 were equipped with six high-density extruded graphite rods (2.56 

cm diameter × 22 cm) (Graphite Store, USA) placed perpendicularly in a 

hexagonal arrangement and covering the entire height (22 cm) of the reactors 

(Fig. 4.1). The total surface area of the rods was 1202.6 cm2. Reactor R2 was 

operated as a conventional AD system and served as a control. To ensure that 

all reactors are hydraulically similar, the rods in R2 consisted of a non-conductive 
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material (nylon). R1 was operated in open circuit (OC) mode (i.e., no voltage was 

applied) while R3, R4 and R5 were operated in potentiostatic mode using a 

programmable power source/data acquisition system (Nanoelectra, Spain). 

Three rods were used as anodes and the other three rods as cathodes, as 

indicated in Fig. 4.1, and an applied potential of 1 V was imposed between the 

anode and the cathode rods. The rods were firmly embedded at the top cover 

(gas tightness is ensured by a polymeric seal) and were connected to the external 

electrical circuit by means of stainless steel screws. A commercial Ag/AgCl 

reference electrode (+0.197 V versus SHE, Sigma-Aldrich) was used to monitor 

the potential of the electrodes. All the reactors worked at a temperature of 35±1.5 

°C (mesophilic conditions), which was maintained by means of an on-off control 

system that commanded a heating mat using PT-100 temperature probes. The 

agitation of the reactors was exerted by means of the continuous recirculation of 

the bulk broth using centrifugal pumps at 300 L.h−1 (EHEIM, Germany). Both the 

aspiration and the impulsion were made from the bottom of the reactor through a 

distribution that tries to avoid preferential stream paths, as represented in the 

construction scheme. Peristaltic pumps (Dosiper, Spain) connected to the 

recirculation system were used to feed the influent and extract the effluent. This 

hydraulic distribution allowed for a fast homogenization in the reactor feed. 

 

Fig. 4.1. Reactor configuration and electrode arrangement distribution. Left: schematic 

front view. Right: schematic top view. 
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A gas collector and a sampling port were placed in the top cover plate. Biogas 

production was measured by liquid column displacement, following the usual 

precautions to avoid solubilization of carbon dioxide in the measuring device 

water solution.  

4.2.2 Inoculation 

For all reactors, inoculum was mixed with growth medium in a 1:5 volume ratio 

prior to inoculation. The growth medium composition per liter was 0.87 g of 

K2HPO4, 0.68 g of KH2PO4, 0.25 g of NH4CL, 0.453 g of MgCl2·6H2O, 0.1 g of 

KCl, and 0.04 g of CaCl2·2H2O, and 10 mL of mineral solution. The mineral 

solution composition is detailed in (Marshall et al., 2012). Reactors R1, R2 and 

R3 were inoculated with anaerobic sludge (AS) obtained from the local 

wastewater treatment plant. R4 was inoculated with fluvial sediment from a 

nearby river while R5 was inoculated with a pre-enriched anodic consortium 

obtained from a single-chamber microbial electrolysis cell that was operated for 

more than four months with propionate as the only carbon source (non-published 

results). Microbial population analysis of this consortium yielded relevant relative 

abundances in the genera Arcobacter (23%), Clostridium (7%), Geobacter (38%), 

Geothrix (2%), Pseudomonas (2%) and Treponema (3%), while archaea 

population data were not available. Before inoculation, the mixture of medium 

and inoculum was bubbled with nitrogen in order to displace the dissolved 

oxygen, and the carbon source was added. Samples were taken for 

microbiological characterization of the two environmental inocula.  

4.2.3 Spiking cycles for propionic degradation tests  

Following the start-up, the reactors were subjected to a series of spiking cycles 

in which the amount of added propionate was gradually increased, resulting in 

bulk propionate concentrations corresponding to those shown in Table 4.2. 

During the first eight cycles, acetate was also spiked to promote the development 

of an electrogenic biofilm on the anodic surfaces, a strategy that proved to be 

successful in previous experiments (Moreno et al., 2018). 

Following the acclimation cycles, the ability of the different reactors to cope with 

increasing amounts of propionate was tested in the “degradation tests” 
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referenced in Table 4.2. In these degradation tests, the reactors were fed with a 

synthetic substrate containing low (1250 mg.L-1), medium (2500 mg.L-1) and high 

(3300 mg.L-1) propionate concentrations. These concentrations were chosen as 

non-inhibitory, borderline and clearly inhibitory for methanogenesis in AD, based 

on values proposed in the literature (Zhen et al., 2017). 

Table 4.2. Acclimation and degradation test feeding procedure. 

Cycle 
identification 

Acetate 
concentration 

(mg.L-1) 
Propionate 

concentration (mg.L-1) 

Equivalent 
chemical oxygen 
demand (mg.L-1) 

1, 2 200 500 970 
3, 4, 5 200 800 1420 

6 200 1000 1720 
7, 8 200 1200 2025 

9, 10*, 11 0 1400 2110 
Degradation test 

1 0 1250 1890 
12, 13 0 2500 3780 

Degradation test 
2 0 2500 3780 

14, 15 0 3300 4980 
Degradation test 

3 0 3300 4980 
(*) Samples for microbiology analyses were taken. 

After this acclimation period and once the current stabilized in all reactors, the 

propionate degradation test (Table 4.2) began with the lower concentration (1250 

mg.L-1). Tests were done in duplicates, and two stabilization cycles were 

introduced between the medium (2500 mg·L-1) and high (3300 mg·L-1) 

degradation tests (Table 4.2). The duration of the batch cycles was determined 

by propionate depletion, which finished when total degradation was reached (two 

consecutive samples with a propionic concentration value lower than 10% of the 

initial one). Liquid and biogas samples were taken periodically. The maximum 

volume of methane that could be produced through the electric charge circulating 

in each of these cycles (e-methane) was obtained from the following expression  

𝑉𝑉𝑒𝑒−𝑚𝑚𝑒𝑒𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑒𝑒 =
𝑣𝑣 ∙ ∑ 𝐼𝐼∆𝑡𝑡𝐵𝐵𝑎𝑎𝑚𝑚𝐵𝐵ℎ

𝐹𝐹 ∙ 𝑛𝑛
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where v is molar volume in the experimental conditions (25.26 L·mol−1), I is the 

current (A), F is the Faraday constant (96,485 C·mol−1), and n (8) is the number 

of electrons involved in the process. 

To estimate the energy that could theoretically be obtained from methane, the 

standard free combustion energy of methane to steam and CO2 (ΔGϴ = −800.8 

kJ·mol−1) was used. The electrical energy input associated to each batch was 

calculated from 

𝐸𝐸 =  𝑉𝑉� 𝐼𝐼∆𝑡𝑡
𝐵𝐵𝑎𝑎𝑚𝑚𝐵𝐵ℎ

 

where E is the energy (J), V is the applied cell potential (1 V), and I is the 

instantaneous current (A). 

4.2.4 Analytical techniques  

Volatile fatty acids (VFAs) were measured by gas chromatography, using the 

same gas chromatograph and a flame ionization detector (FID) equipped with a 

Nukol capillary column (30 m × 0.25 mm × 0.25 µm) from Supelco. The detection 

limit for VFA analysis was 5.0 mg·L-1. The system was calibrated with a mixture 

of standard volatile acids from Supelco (for the analysis of fatty acids C2 to C7). 

Samples were previously centrifuged (10 min, 3500×g), and the supernatant was 

filtered through 0.45 μm cellulose filters. Gas composition (H2, CH4 and CO2) was 

analyzed as described by Martínez et al. (Martínez et al., 2012). 

4.2.5 DNA extraction and sequencing 

Once the reactors were considered to have reached a stable behavior, both in 

current and in biogas production (after 96 days), microbiological sampling was 

carried out. All the anodic and cathodic rods were scraped over different zones, 

and two samples (anodic and cathodic) were composed. Samples were also 

taken from the planktonic phase of each reactor. Once the samples were 

extracted, the reactors were sealed again and reconnected to continue normal 

operation. 

Genomic DNA was extracted with the Soil DNA Isolation Plus Kit® (Norgen Biotek 

Corp.), following the manufacturer’s instructions. All PCR reactions were carried 

out in a Mastercycler (Eppendorf, Hamburg, Germany), and PCR samples were 
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checked for size of the product on a 1% agarose gel and quantified by NanoDrop 

1000 (Thermo Scientific). The entire DNA extract was used for high-throughput 

sequencing of 16S rRNA gene-based massive libraries with 16S rRNA gene-

based primers for eubacteria 27Fmod (5’-AGRGTTTGATCMTGGCTCAG-3’) / 

519R modBio (5’-GTNTTACNGCGGCKGCTG-3’)(Callaway et al., 2009). The 

obtained DNA reads were compiled in FASTq files for further bioinformatics 

processing carried out using QIIME software version 1.8.0 (Caporaso et al., 

2010). Final operational taxonomic units (OTUs) were taxonomically classified 

using BLASTn against a database derived from RDPII (http://rdp.cme.msu.edu) 

and NCBI (www.ncbi.nlm.nih.gov). The graphic content was produced using 

Rstudio software (RStudio Team, 2015). 

Microbial richness estimators (observed OTUs and Chao1) and diversity indices 

estimators (Shannon (H’) and 1/Simpson) were calculated using R software, 

version 3.3.2. Each sample was rarefied to the lowest number of sequences. 

Quantitative PCR assay 

The quantitative analysis of all samples was analyzed by means of quantitative-

PCR reaction (qPCR) using PowerUp SYBR Green Master Mix (Applied 

Biosystems) in a StepOnePlus Real-Time PCR System (Applied Biosystems). 

The qPCR amplification was performed for the 16S rRNA gene in order to 

quantify the entire eubacteria community and for the mcrA gene to quantify the 

total methanogen community. The primer set 314F qPCR (5′-

CCTACGGGAGGCAGCAG-3) and 518R qPCR (5′-ATTACCGCGGCTGCTGG-

3′) at an annealing temperature of 60 °C for 30 s was used for eubacteria 

quantification. The standard curve was performed with the partial sequence of 

16S rRNA gene from Desulfovibrio vulgaris strain DSM 6441. All results were 

processed by StepOne software, version 2.0 (Applied Biosystems).  

4.3 RESULTS AND DISCUSSION 

4.3.1 Inoculation and stabilization 

After inoculation, and before the propionic degradation tests were initiated, the 

five reactors were allowed for 11 stabilization cycles in which the propionic 
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concentration was gradually increased while keeping constant the acetate 

concentration (Table 4.2). 

During this stabilization period, the reactors that were inoculated with river mud 

(R4) and enriched inoculum (R5) started to produce current almost immediately 

after inoculation (Fig. 4.2), which is indicative of a strong initial electrogenic 

activity on either the anode, the cathode or both. In contrast, the reactor 

inoculated with AS (R3) required a significant longer time (~60 days, 8 cycles) to 

start to produce any comparable current density.  

R4 and R5 also displayed a better initial performance in terms of methane 

production, except for the first cycle, where R1, R2 and R3 produced ~70% more 

methane than R4 and R5 did. This could be explained by the organic matter that 

was present in the inoculum of R1, R2 and R3 (AS) that might have been 

converted into methane during this first cycle. 

 

Fig.4.2. Current density profiles for electrically connected reactors (R3, R4 and R5) 

during the first month of operation. 

Despite those initial good results, current production in R4 and more visibly in R5 

started to decline after five cycles (Fig. 4.3), which can be probably caused by a 

malfunctioning of either of the two electrodes. 

The cause of this fact could be related to cathodic biofilm sensitivity to 

environmental conditions such as local pH gradients or the presence of oxygen 

(Biffinger et al., 2009; Sun et al., 2016). This, together with the lower diversity 

(compared to the environmental inocula), can be causing the observed 

malfunctioning. This will be discussed in detail in Section 4.3.3. 
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Fig. 4.3. Averaged current density for connected reactors (R3, R4 and R5) in the cycles 

prior to the degradation test. 

Overall, these results show that although AD-MET system inoculated with AS 

requires a longer time to produce any observable current, it provides a more 

stable and robust source of electroactive microbial communities. In addition, the 

averaged current density obtained in the present study with the AS inoculated 

reactor (0.8 A·m-2, Fig. 4.3), is close to that reported by Xu et. al.(Xu, Wang and 

Holmes, 2014) in a similar AD-MET (1 A·m2) also using granular AS as inoculum. 

These results seem to point to the convenience of using AS as inoculum for the 

systems that directly integrate the METs in the digester. 

4.3.2 Degradation tests 

After the 11 stabilization cycles, the degradation tests were initiated (see Table 

4.2). The degradation tests were intended to assess the capacity of the different 

configurations to cope with increasing concentrations of propionate in the feed as 

the only carbon source. These concentrations were chosen to be 1250 mg.L-1, 

2500 mg.L-1 and 3300 mg.L-1 (as detailed in Materials and Methods) and will be 

referred to as low (L), medium (M) and high (H) concentrations, respectively. In 

addition, two stabilization cycles were allowed between two consecutive 
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degradation tests for the microorganisms to adapt to the new propionate 

concentration and to favor steady state conditions.  

At low concentrations, no visible differences between the five reactors were 

observed (Fig. 4.4A). However, as the propionate concentration increases to 

medium and high concentrations, those reactors that integrated the MET system 

started to perform slightly better, reducing the propionate concentration faster 

and producing more methane than R1 and R2 did. Methane yields for the high 

concentration were in the range of 346 mL·gCOD-1 for R4 and 299 mL·gCOD-1 

for R5, which are near to the maximum theoretical value. Moreover these yields 

are also similar to the yields obtained in other integrated AD-MET systems using 

acetate (Flores-Rodriguez, Nagendranatha Reddy and Min, 2019) and glucose 

(Choi, Kondaveeti and Min, 2017) as substrates. 

 

Fig. 4.4. Cumulative methane production and chemical oxygen demand (COD) removal 

in low (A), medium (B) and high (C) degradation tests. Averaged values from triplicate 

analysis. 
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Nevertheless, the amount of methane that can be theoretically ascribed to the 

bioelectrochemical process (computed as if all the circulating current were totally 

converted into methane) represented only a minor fraction of the total volume 

experimentally recorded (Fig. 4.5). This shows that the main benefit of the 

presence of the electrodes during the anaerobic degradation of propionate does 

not come from an improved energy balance but from a faster kinetics of the 

process, which translates into a faster COD removal as shown in Fig. 4.6. (right) 

 

Fig. 4.5. Total methane production is depicted against the fraction of maximum 

theoretical volume (e-methane) that could be produced by the load that circulated in R3, 

R4 and R5 during degradation experiments for low (1250 mg.L-1), medium (2500 mg.L-

1) and high (3300 mg.L-1) concentrations. 

Analysis of the bulk medium revealed that propionate degradation involved 

acetate as an intermediate. As reflected in Fig. 4.6, the concentration of this 

metabolite starts to quickly accumulate during the first 24–48 h, and then it 

gradually decreases in all cases. As there is no acetate present in the feed, its 

origin can only be attributed to either one or both of these mechanisms: (i) 

propionate anaerobic degradation as described by (de Bok, Plugge and Stams, 

2004) and/or (ii) through homoacetogenic activity from H2. In addition, H2 can 

have two possible origins: “obligated” metabolite of propionate through 

propionate degradation and through cathodic hydrogen evolution reaction. The 

latter can obviously only appear in the AD-MET, and when it does it threatens the 

efficiency of the systems because of the so-called hydrogen recycling 

phenomenon (Escapa et al., 2015). However, if it is taking place in our systems, 

it is doing so at low rate mainly because of two reasons. On the one hand, R3 

and R4, in which acetate accumulates faster, have a faster propionate 

degradation, which suggests a direct link in the fate of these two compounds. On 

the other hand, the hydrogen recycling usually results in long tails in the current 
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profiles (Ivanov et al., 2013), which was not observed in our reactors (Fig. 4.2). 

Moreover, no hydrogen was detected in the biogas (a result also observed in 

similar systems (Flores-Rodriguez, Nagendranatha Reddy and Min, 2019)) which 

supports the hypothesis of no hydrogen recycling . 

 
Fig. 4.6. Propionate (left) and acetate (right) evolution in the batch tests at: a) low (1250 

mg.L-1), b) medium (2500 mg.L-1) and c) high (3300 mg.L-1) initial concentrations. Error 

bars not included for clarity issues (triplicate experiments).  

4.3.3.  Microbial community analysis and metabolic 
pathways 

Eubacteria 

Samples from both electrodes and the planktonic phase from all reactors were 

obtained, reaching a total amount of 791,990 raw reads. After trimming and 

quality filtering, 369,453 sequences were merged. These sequences were 
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optimized and clustered into 189–344 OTUs defined by 97% similarity. Although 

the bacterial phylotypes (OTUs) continued to emerge even after 20,000-read 

sampling as can be seen in the rarefaction curves (Fig. A1), an incipient plateau 

can be observed after this value. The adequate sampling was confirmed by the 

coverage values that were found in the 0.995–0.998 range (Table A1), indicating 

that the sequencing depth was sufficient to represent the bacterial communities. 

Results support the observation made by other researchers (J. H. Park et al., 

2018) that the community richness is promoted in those reactors containing a 

conductive material (Table A1, Table A2 and Fig. 4.9). Diversity indexes 

(Shannon and inverse Simpson (Table A1)) showed a higher diversity in the 

planktonic samples of R1, R3, and R4 (in contrast to R2 and R5) which, 

interestingly, achieved higher methane yields as shown in Fig. 4.4. This result 

seems to relate the diversity of the planktonic phase with a robust long-term 

performance of AD-MET systems, probably due to a greater functional plasticity 

in the generation of complex metabolic pathways. Regarding the individual 

genera, sequencing analysis (Fig. 4.7) revealed a strong presence of Geobacter 

on the anodes of those reactors where there was an applied voltage (R3, R4 and 

R5). In addition, the anodes of R3 and R4 showed the existence Syntrophus. The 

role of Geobacter as exoelectrogenic bacteria present in anaerobic environments 

is well known (Logan, 2009), as it is the limited number of substrates that can be 

used by this genus (Speers and Reguera, 2012). This is an interesting result that 

might explain, to some extent, the better performance of R3 and R4 compared to 

R5. Indeed, although R5 contained a high abundance of Geobacter, it lacked 

Syntrophus, which could indicate that the latter plays an important role in 

propionic acid degradation. A recent work by (Walker et al., 2018) confirms the 

existence of a syntrophic relationship between these two genera, with direct 

interspecies electron transfer (DIET) as the most probable interaction 

mechanism, which in our case could lead to a more versatile metabolism that 

favors propionate conversion to CO2 and electrons. In addition, the occurrence 

of DIET could explain the absence of H2 in the biogas composition, although a 

fast consumption kinetics by microorganisms present in the planktonic phase 

(Pseudomonas and Syntrophomonas, Broths R4 and R5) would also be 

consistent with these results (Oh, Kang and Azizi, 2018), as discussed in Section 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/rarefaction
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7.3.1 (performance). This, together with the relative malfunctioning of the cathode 

in R4 and R5, might explain the low current densities observed in these reactors 

compared to R3. 

 

Fig. 4.7. Relative abundance of eubacteria genera across the 12 samples. Hierarchical 

cluster analysis across samples is depicted. 

Archaeal species are the means responsible for the methanogenic stage in 

anaerobic digestion. In this study the 768,290 filtered sequences (97% similarity) 

have been clustered, obtaining between 12 and 26 OTUs. The validity of the 

analysis is guaranteed by the found coverage indices (Table A2). Accordingly, 

the archaeal community compositions revealed that Methanothrix could have an 

important contribution to methane production, likely using the aceticlastic 

pathway (Kendall and Boone, 2006) in R1, R2 and R3; whereas 

Methanospirillum, Methanobrevibacter, Methanomassiliicoccus, 

Methanobacterium and Methanoculleus seemed to be the main contributors to 

methane production in R4 and R5. These last genera were generally ascribed to 

use an hydrogenotrophic pathway (Garcia, Ollivier and Whitman, 2006; Maus et 

al., 2013). Methanosarcina presents a notable relative abundance in the R4 

anodic sample, and this biofilm is also enriched in Geobacter. The higher 

methane production from R4 points to a synergic association between these 
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microorganisms via DIET (Yin et al., 2016). This could partially explain the lower 

current in R4 (compared to R3) as part of the organic matter might be converting 

to methane rather than current.  

 

Fig. 4.8. Relative abundance of archaea genera across the 12 samples. 

The analysis suggests that syntrophic propionate degradation (SPD) and 

syntrophic acetate oxidizing (SAO) could explain part of methane production in 

R3 and R4. Moreover, these two processes might also divert electrons from the 

electrogenic pathways to the methanogenic pathways, which could also explain 

to a certain extent the low currents. The hydrogenotrophic methanogenesis 

seems to be the preferable path for methane production under our conditions. 

The hydrogenotrophic methanogens accomplish the role of keeping the hydrogen 

partial pressure low enough to encourage the degradation of propionate and 

acetate. The presence of acetoclastic arquaea (not present in R5, Fig. 4.8) could 

bring flexibility to this network, channeling the accumulation of acetate.  

Quantitative analysis 

The observation of the qPCR results (Fig. 4.9) allows to confirm how the 

introduction of electrically conductive materials promotes the general 

development of AD-involved microorganisms and the specific development of 
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methanogenic archaea as has already been outlined (J. H. Park et al., 2018). The 

amount of both archaeal and eubacterial gene copies in the cathodic biofilm of 

R5, greater by more than one order of magnitude than R3, shows how this 

parameter does not guarantee a higher biogas production (Fig. 4.4). This fact 

could be explained by the aforementioned sensitivity of the pre-enriched 

consortium-derived community that could be manifested in inactivated biofilm 

zones and seems to partially contradict the conclusions of other researchers who 

propose a strong correlation between the number of mcrA gene copies in the 

cathodic biofilm and methane production (Morris et al., 2014; Cai et al., 2016). 

 

Fig. 4.9. Results from quantitative analysis of methanogenic archaea and eubacteria 

across the samples. 
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4.3.4 FINAL COMMENTS 

As explained in the introduction, the objective of this work is not necessarily to 

pursue a direct energetic improvement of the propionate degradation process but 

rather to pursue an indirect improvement of the AD process in specific aspects. 

However, it has been considered appropriate to compare the five systems from 

a global point of view. The net energy that could be recovered from methane in 

the highest propionate concentration (taking into account the electricity input of 

the MET when applicable, Table 4.3) shows an unfavorable balance for hybrid 

systems (R3, R4 and R5) and places R1 as the most efficient system. It is 

plausible that the application of METs to AD is more interesting as a means of 

improving the process in critical aspects than as a vehicle for direct energy 

recovery, as can be deduced from other works that have reported a limited 

improvement of these combined systems (Guo et al., 2017). This research also 

suggests that applying a cell potential in early stages of AD could provide a 

positive energy balance. The introduction of conductive materials in AD reactors 

results in a better methane production and/or process stability, in principle, 

without energy costs during operation. This fact has been pointed out (De Vrieze 

et al., 2014), and in this sense this is added to them. 

Table 4.3. Energy balance from propionate degradation test at 3300 mg.L-1. 

  R1 R2 R3 R4 R5 
Recovered energy (KJ) 201.98 186.90 210.78 215.36 186.47 
MET energy input (KJ) - - 46.37 39.74 4.97 
Net energy (KJ) 201.98 186.90 164.41 175.62 181.5 

 

4.4. CONCLUSIONS 

The use of a pre-enriched inoculum, compared to AS, allowed for a faster start-

up of the AD-MET system. However, the AS proved to be more resilient in the 

long term. Bacteria of the Geobacter genus, acting in syntrophy with other genera 

such as Syntrophus, appear to be key in anodic communities degrading 

propionate, while methanogenic archaea using the hydrogenotrophic route are 

the major contributors to methane production. Overall, the AD-MET systems 

studied allowed to improve methane production, and helped to deal with 
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propionate accumulation. However, progress must be made to justify the energy 

advantage provided by these systems.  
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ABSTRACT 

The role of oxygen in anodic biofilms is still a matter of debate. In this study, we 

tried to elucidate the structure and performance of an electrogenic biofilm that 

develops on air-exposed, carbon-felt electrodes, commonly used in 

bioelectrochemical systems. By simultaneously recording the current density 

produced by the bioanode and dissolved oxygen concentration, both inside and 

in the vicinity of the biofilm, it was possible to demonstrate the influence of a 

protective aerobic layer present in the biofilm (formed mainly by Pseudomonas 

genus bacteria) that prevents electrogenic bacteria (such as Geobacter sp.) from 

hazardous exposure to oxygen during its normal operation. Once this protective 

barrier was deactivated for a long period of time, the catalytic capacity of the 

biofilm was severely affected. In addition, our results highlighted the importance 

of the material’s porous structure for oxygen penetration in the electrode. 

5.1. INTRODUCTION 

The term microbial electrochemical technologies (METs) covers a group of bio-

based electrochemical devices that hold great potential for practical applications 

in the fields of bioremediation and energy production/management (Escapa et 

al., 2016). The anodic processes of many METs (typically microbial fuel cells and 

microbial electrochemical cells) rely on the biocatalytic conversion of organic 

matter into electricity, requiring the presence of certain types of microorganisms, 

frequently referred to as electrogens, electricigens, or electrogenic 

microorganisms (Logan, 2009), which are capable of performing extracellular 

electron transfer to a solid electrode.  

Mimicking natural processes, most of these electrogenic microorganisms can 

carry out their life cycle forming biofilms on the surface of the electrodes 

(Flemming et al., 2016; Koch and Harnisch, 2016), where they benefit from 

favourable physical-chemical (micro)environments and useful trophic 

relationships. These microenvironments are caused by diffusive and/or reactive 

gradients of different substances, such as electron acceptors or donors that do 

not exist outside these multi-organism scaffolds (Flemming et al., 2016). 

Normally, anodic biofilms are colonized by electrogens, and it is very common 
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that, depending on the source of the inoculum, carbon source, physicochemical 

parameters, and operational conditions, very complex microbial communities 

thrive on the surface of bioanodes (Koch and Harnisch, 2016). In this regard, the 

presence of dissolved oxygen (DO) in anodic medium can determine, to a 

significant extent, the structure of anodic biofilms, as many microorganisms 

involved in their functioning are anaerobic or facultative anaerobic (Wang et al., 

2020). In addition, the role and impact of oxygen in the performance of bioanodes 

has aroused some controversy (Yang et al., 2018). On one hand, some authors 

claim that oxygen can have a beneficial impact on the degradation of complex 

organic compounds (Yang et al., 2018) and even improve the overall 

performance under some conditions (Yong et al., 2017). On the other hand, 

several authors maintain that oxygen can promote the proliferation of aerobic 

microorganisms that compete with electrogens for organic matter, decreasing the 

coulombic efficiency (i.e. reducing the percentage of electrons initially available 

in the organic matter that are converted to electrical current in the external circuit), 

which explains why bioanodes of METs frequently operate under anaerobic 

conditions (Zhang et al., 2009).  

Microsensors can provide an invaluable tool for understanding the nature, 

structure, and metabolic interactions within biofilms. They were initially applied to 

the study biofilms in the area of human diseases (Saxena et al., 2019), and today, 

their use is widespread in microbial ecology for both natural and engineered 

systems (Lewandowski and Beyenal, 2013), including METs (Beyenal and 

Babauta, 2015). For METs in particular, microsensors have been used to monitor 

chemical parameters (e.g. pH or redox potential) or the concentration of 

substances, such as hydrogen (Maegaard et al., 2019), acetate (Atci et al., 2016), 

nitrite (Lee, Wahman and Pressman, 2013), or oxygen (Zhou et al., 2020) within 

biofilms. Focusing on oxygen, some publications are dedicated to revealing the 

local distribution of DO concentrations in specific biofilms, extracting significant 

conclusions (Wang et al., 2013; Montpart et al., 2018), such as the importance of 

pH control in aerobic biocathodes (Wang et al., 2013) or the role of cathodic 

biofilms as oxygen diffusion barriers in single-chamber microbial fuel cells 

(Montpart et al., 2018). However, these investigations are mainly carried out on 

flat surfaces and rarely on porous surfaces, such as carbon felt, which is 
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frequently used in METs and is also a good candidate for potential real-life 

applications (San-Martín, 2018). The characterization of DO profiles inside 

biofilms growing on porous electrodes could provide valuable information on the 

implications of oxygen diffusion inside these elements and its consequences on 

biofilm development and functioning. 

The objective of this research is to study the distribution of DO in electrogenic 

biofilms and their surroundings when these microbial aggregates grow, exposed 

to air, in carbon-felt electrodes. It also tries to understand the effect of DO on the 

catalytic activity of an anodic biofilm fed with acetate. 

5.2. RESULTS AND DISCUSSION 

After inoculation, the bioanode was operated in batch mode (electrode potential: 

+0.1 V vs. Ag/AgCl) with the anodic compartment open to air, so oxygen could 

freely diffuse into the anodic medium. The end of every batch cycle was 

determined by a drop in the current density (CD), below 10% of the maximum 

value achieved in that particular cycle. This resulted in an average cycle duration 

of approximately five days. TOC was monitored daily, and at the end of each 

batch cycle (TOC was <10 mg·L-1), the reactor was replenished with fresh 

medium and carbon source, providing an acetate concentration of 10 mM. After 

the first cycle (six days of operation), a biofilm was clearly visible on the electrode 

surface. To ensure pseudo-steady state conditions, the anode was operated in 

this manner for 42 additional days before the experimental period began. 

5.2.1. The interplay between DO and CD   

To understand the behaviour of the exoelectrogenic biofilm when oxygen is 

present in the anodic medium, both the CD and the DO concentration, at a fixed 

height of 100 μm above the apparent surface of the biofilm, were simultaneously 

recorded for 15 days (Fig. 5.1). Like the acclimation period, when the current fell 

below 10% of the maximum value, the TOC was checked to be less than 10 mg·L-

1, and then, the cell medium was spiked (the medium was not replaced) with 

sodium acetate to reach a final (theoretical) acetate concentration of 10 mM. After 

the addition of sodium acetate (blue stars in Fig. 5.1), the CD immediately 

increased, while the oxygen concentration in the liquid phase declined abruptly, 
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suggesting the existence of at least two competing processes: electrogenic and 

aerobic metabolisms. When the substrate was available again, the metabolism 

of aerobic and electrogenic microorganisms was reactivated. The role of 

microorganisms present in the planktonic phase can be seen as marginal due to 

the replacement of the medium in each feeding cycle. 

 

Fig. 5.1. Biofilm CD and DO concentration profiles at a constant depth of 100 μm on the 

apparent surface of the biofilm during three consecutive feeding cycles. The blue stars 

denote spiking with sodium acetate (to a theoretical concentration of 10 mM). 

Using a coculture of Escherichia coli and Geobacter Sulfurreducens, Qu et al. 

(2012) also reported oxygen depletion in the bulk of the anolyte of a microbial fuel 

cell (MFC), showing the importance of microorganisms other than exoelectrogens 

in the maintenance of anoxic conditions in anodes exposed to oxygen. In the 

referred study, exoelectrogenesis was inhibited without the presence of E. Coli 

(the main oxygen scavenger), demonstrating its essential role in this anodic 

microbial community. In our experiments, the near-zero DO concentration was 

maintained for 12-–18 hours and then increased, agreeing with an expected 

decrease in the carbon source, deduced from the current profile (Fig. 5.1). This 

fact indicates that the acetate concentration is the limiting factor in oxygen 

consumption. Fig. 5.1 also shows that the biofilm is capable of maintaining 

exoelectrogenic activity, despite the presence of DO in the bulk. In the following 
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experimental section, we will go into the biofilm and will try to clarify, among other 

things, if DO ever penetrates the biofilm during substrate oxidation cycles. 

 
5.2.2. Oxygen concentration profile within the biofilm 

By studying the DO profile from the bulk to the interior of the electrode, functional 

aspects of the assembly liquid phase/biofilm/porous electrode can be 

understood. The experimental procedure leading to the achievement of the DO 

profiles proved to be challenging, since it is necessary to keep the cell in 

stationary conditions for an extended period of time. As supplementary 

information SI, two prematurely interrupted DO profiles, not used in the 

subsequent analysis, are included. The oxygen probe was initially placed in the 

bulk within the vicinity of the electrode at an apparent distance of 500 μm from 

the biofilm surface. This height was taken as the reference position with a value 

of 0 μm (Fig. 5.2) with the help of a camera (Fig. 5.1). This initial position (0 μm) 

was the height where the profiling process began, and from here, the DO profile 

was periodically recorded at different depths (Fig. 5.2). The DO concentration in 

the bulk did not change during the experiment. The reader can observe how the 

height reference and experimental procedure were different from the reference 

system used in section 3.1. After all, in this section, the microelectrode moved, 

and in the previous experiment, it remained stationary. At a depth of about 355 

μm, the DO concentration started to decline, almost linearly (slope -0.353 μM·μm-

1), which is indicative that the probe is entering the DBL. In the biofilm vicinity 

(290 to 570 μm), which has been amplified in Fig. 5.3, we found at least three 

sub-regions that can be distinguished by changes to the shape of the DO 

concentration profiles. As mentioned before, the first sub-region could be 

associated with the DBL, which is in direct contact with the biofilm. From Fig. 5.2, 

we can estimate its thickness as approximately 75 μm, a value which is in 

agreement with the thickness of the DBL found by other authors for aerobic 

biofilms composed of bacteria of the genus Pseudomonas (Kragh et al., 2016). 

Interestingly, this genus was found in a high relative abundance in our biofilm; for 

more details, see section 5.3.4. The second sub-region, with a quite similar slope 

to the previous one, was slightly less steep (-0.360 μM·μm-1), suggesting that the 

probe was entering a new phase, most probably the biofilm. The small difference 
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between the slopes of the first and second sub-regions reinforces the idea that 

the diffusion coefficient in the outer layers of the biofilm is close to that of oxygen 

in water (Lewandowski, Walser and Characklis, 1991). The oxygen flux (J) in this 

zone, calculated from Eq. 6, was 7.39·10-7 mol·m-2·s-1, a value which is on the 

same order of magnitude as others reported in the literature for aerobic biofilms 

(De Beer et al., 1994; Mclamore et al., 2010).  

 

Fig. 5.2. DO concentration profile in a carbon felt electrode colonized by an 

exoelectrogenic biofilm. 

 

Fig. 5.3. Detailed DO concentration profile in the vicinity of the biofilm. In the colours 

corresponding to each zone, fitted regression models have been provided. 
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A clearer change in the DO profile came at a depth of ~495 μm, which can be 

attributed to significant oxygen consumption (Eq. 1) and (in the absence of 

another apparent oxygen sink) to the presence of an aerobic metabolism. This 

oxygen consumption was distributed over a 45 μm-thick region, in which a 

concave profile (positive second spatial derivative) could be observed. The 

reactive consumption criterion in biofilms and sediments has been extensively 

detailed by Berg et al. (Berg, Risgaard-Petersen and Rysgaard, 1998). The fitting 

of a second-degree polynomic model allowed the oxygen OCR to be estimated, 

following Eq. 5. The resulting value was 9.42·10-3 mol·s-1·m-3, which is on the 

same order of magnitude as other OCRs reported in literature for aerobic biofilms 

(Stewart, 2003; Ning et al., 2014). Below this presumable aerobic layer, the DO 

concentration stabilized for ~20 μm. The resulting, almost flat, profile reveals the 

existence of another biofilm region, in which oxygen is no longer being consumed. 

This led us to hypothesize that this zone is mainly inhabited by microorganisms 

other than aerobes, which thrive because of the “oxygen-diffusion barrier” 

provided by the upper layers of the biofilm. This narrow microenvironment seems 

to be the logical candidate to host the Geobacter population, which is the most 

important exoelectrogen found in our biofilm (see section 3.4). Several authors 

maintain that these low DO conditions are optimal for the growth and 

development of Geobacter; however, this is still an issue subject to some 

controversy, as discussed in a recent review by Reguera and Kashefi (2019). 

This review summarizes research that concludes certain tolerance of Geobacter 

to oxygen, as reflected in its capacity to encode proteins of the oxidative stress 

response and to adapt to microaerophilic conditions. 

The relatively small thickness of this “exoelectrogen” layer does not contradict the 

high CD observed in our setup (~2 mA·cm-2), which is in agreement with previous 

studies that show the exoelectrogenic activity of Geobacter is due to "active" 

layers of little thickness relative to the total width of the biofilm (Sun et al., 2015, 

2016).  

When the microsensor tip was placed at a depth of 550 μm (leaving the biofilm 

vicinity and entering the bulk of the carbon felt electrode), the oxygen 

concentration began to slightly increase again, and over a very wide region 
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(spanning depths from ~800 to 2500 μm), the average DO was about 130 μM. In 

this zone, the DO concentration profile presented two very pronounced “hills” that 

can be attributed to the existence of large cavities within the carbon felt (Fig. 5.1). 

These hills showed similar slope values to those found in the DBL of the external 

surface of the electrode, thus, suggesting a common subjacent phenomenon. 

Likely, these cavities are acting as “channels” that allow the transport of DO 

through the electrode, revealing a complex structure that has been extensively 

studied in electrochemical energy-storage systems (González et al., 2011; 

Döner, Karcı and Kardaş, 2012; Banerjee et al., 2019). A relevant reason for the 

lack of colonization by exoelectrogens of carbon felt electrodes in deep layers 

may be due to its porous structure that may be channelling DO to the inner 

domain. Although, the size of the pores (~300 μm, see Fig. 5.2) also suggests 

that limited diffusion of the buffering substances is a plausible hypothesis for this 

lack of colonization, as has been pointed out in recent research (Chong, Erable 

and Bergel, 2019). In this investigation, for cavities in bioanodes between 100 

and 500 μm, the limiting factor for the development of the biofilm was determined 

to be the accumulation of metabolites that triggers local acidification. As a 

consequence of these results, this same structure could be relevant to carry or 

remove other substances related to the microbial metabolism (e.g. substrate, 

inhibitors, protons), highlighting the importance of the optimization of the 

volume/active area electrode relationship in different applications of METs, an 

aspect which has been remarked in other studies (Blanchet et al., 2016; Chong, 

Erable and Bergel, 2019; Brunschweiger et al., 2020; Flexer and Jourdin, 2020). 

The behavior of carbon felt anodes without attached biofilm has not been 

analysed in this study, since there is an extensive literature on the subject and 

the results obtained have been acceptably consistent with the expected cavity 

distributions (Smith et al., 2015; Ma et al., 2019). 

5.2.3. The biofilm under substrate limited conditions 

In the final phase of the experiment, the anodic biofilm was kept under starving 

conditions for seven days (once CD declined below 10% of its maximum value, 

no acetate was fed to the anode). After this period, when acetate was fed again, 

the oxygen concentration decreased, as observed previously (results not shown, 

the behaviour was similar to that depicted in Fig. 5.1), revealing a hypothetic 
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reactivation of the aerobic metabolism. However, CD profiles did not resume 

previous values and remained below 5% of the maximum current value, which 

suggests that electrogenic microorganisms were affected by either the lack of a 

carbon source, the prolonged exposure to oxygen, or both. However, the lack of 

carbon source can be ruled out, since previous work has shown that electrogenic 

biofilms can remain active for long periods of time in the absence of a carbon 

source (Lin, Westerhoff and Röling, 2009; Marozava et al., 2014). In contrast, the 

exposure to oxygen seems a more plausible explanation. Indeed, when acetate 

is present and available to the aerobic microorganisms, these are capable of 

depleting oxygen from the bulk (Fig. 5.1), thus, protecting the electrogenic 

microorganisms in contact with the electrode from DO. In the absence of a carbon 

source, the aerobic microorganisms are no longer capable of consuming oxygen, 

and the “barrier effect” is lost, which increases the local DO concentration and 

exposure times in deep layers of the biofilm. However, this is a hypothesis that 

needs to be supported by further experiments. 

5.2.4. Biofilm composition 

The microbial composition of the biofilm was analysed by pyrosequencing after 

90 days of operation. The total number of pyrosequencing reads were 41,523, 

and the valid reads were 26,002 (62.6%). The number of OTUs found in the 

sample was 126, a number that indicates high specialization of this community. 

The taxonomic composition at the genus level (Fig. 5.4) of the anodic community 

shows a great relative abundance of the exoelectrogen Geobacter (33.2%). The 

presence of this anaerobic bacteria in an air-exposed surface is not surprising in 

light of other research that has shown the presence of Geobacter in both natural 

(Commault et al., 2015) and engineered aerobic biofilms (Nevin et al., 2011; Qu 

et al., 2012). The stratification of DO through the carbon felt (see Figs. 5.3 and 

5.4) probably promoted the appearance of “low oxygen” microenvironments, 

coherent with the tolerance of Geobacter to the presence of DO (Reguera and 

Kashefi, 2019). The most abundant genus on the biofilm was Pseudomonas 

(45.5%), which is considered a facultative anaerobe that could be favoured as a 

result of microaerophilic conditions (Peix, Ram’\irez-Bahena and Velázquez, 

2009) and has been recognized as electroactive. However, Pseudomonas can 
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be discarded as the main exoelectrogen in our study since the reported current 

densities for this genus are lower than expected for Geobacter-based 

electrogenic biofilms (Su et al., 2012; Yong et al., 2017), which are in accordance 

with those observed in this study (~2 mA·cm-2). Species assigned to this taxon, 

such as P. aeruginosa, are capable of oxidizing organic matter using oxygen as 

a terminal electron acceptor, inducing steep gradients in DO concentrations in 

pure culture biofilms (Kragh et al., 2016; Yong et al., 2017). Another less 

prevalent genus in the sample was Clostridium (6.9%), a strict anaerobic that can 

ferment a variety of substrates. The genera Flavobacterium (4.5%) and Bacillus 

(4.1%) can generally be considered aerobic. Although, their role in this 

community is not fully understood. Flavobacterium has been also identified in 

cathodic biofilms exposed to oxygen (Montpart et al., 2018). 

 

Fig. 5.4. Microbial community composition of the anodic biofilm at the genus level. 

5.3. MATERIALS AND METHODS 

5.3.1. Reactor set-up and biofilm growth 

Tests were carried out on a biofilm growing in a porous electrode in a specially 

designed single-chamber microbial electrolysis cell under aerobic conditions for 

all experimental procedures (Fig. 5.1). The methacrylate reactor allowed for easy 
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handling of the microelectrode, while using a three-electrode electrical 

arrangement, establishing a working electrode (WE) potential of +0.1 V with 

respect to the reference electrode (RE). 

 

Fig. 5.5. Experimental set-up:  camera (1), three axis micropositioner (2), 

microelectrode (3), connections to the potentiostat (4), methacrylate cell (5), counter 

electrode (CE; 6), RE adapter (7), WE (8), and microelectrode sampling hole (9). 

A carbon-felt WE (Sigracell® GFA 6, SGL, Germany), a commercial RE 

microelectrode (Ag/AgCl, +0.197 vs. SHE, Unisense), and a platinum mesh 

(Goodfellow, UK) counter electrode (CE) were used. The dimensions of the WE 

and CE were 8 x 2 cm and 2 x 2 cm, respectively. The inoculation procedure 

consisted of mixing fluvial sediment, freshly obtained with growth medium, in a 

1:5 volume ratio. The growth medium composition per litre was 0.87 g of K2HPO4, 

0.68 g of KH2PO4, 0.25 g of NH4CL, 0.453 g of MgCl2·6H2O, 0.1 of KCl, 0.04 of 

CaCl2·2H2O, and 10 mL of mineral solution. The mineral solution composition is 

detailed by Marshall et al. (Marshall et al., 2012). Sodium acetate was added to 

the mixture as a carbon source to reach a final concentration of 6.1 mM in the 

start-up cycle. The reactor was kept at room temperature (22 ± 2ºC). Feeding 

was done in batch mode (i.e.: by replacing the entire medium at the beginning of 

every new cycle). Sodium acetate was added to achieve a 10 mM concentration 

in the medium (except in the start-up cycle) when the current dropped below 10% 

of the maximum value. The biofilm was maintained for 60 days in the described 

growing conditions (acclimation period) before starting the analyses of this study. 
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5.3.2. DO concentration measurement 

DO concentration in the exoelectrogenic biofilm was measured using a 

microelectrode (OX-10, UNISENSE, Denmark) that works as a Clark-type 

electrode (Revsbech, 1989). The tip diameter chosen was approximately 10 μm, 

which ensures an adequate relationship with the estimated thickness of the 

biofilm (less than 100 μm). The microelectrode was introduced into the thin film 

cell using a programmable micropositioning system. The step size in the z-axis 

(axis in which the microelectrode passes through the electrode vertically to its 

surface, Fig. 5.5) was 1 μm ± 20 nm. The permanence time of the microsensor 

in each position was 3 s, since the response time to reach 90% of the signal, as 

detailed by the manufacturer, is 1–3 s. The current signal was acquired and 

registered using a specific amplifier (Microsensor Multimeter, UNISENSE, 

Denmark) and associated software (UNISENSE logger). The sensor was 

calibrated with a two-point procedure. First, it was placed in an air-saturated 

medium, and then, the zero level was obtained by generously bubbled nitrogen 

in the same medium. In order to place the microsensor tip at the desired height 

over the biofilm surface, a video microscope system (Model VCAM3) was used. 

Analysis of the DO concentration profiles was based on the one-dimensional form 

of Fick’s first law, assuming the biofilm can be considered a flat slab (Eq. 1): 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷 · 𝜕𝜕
2𝜕𝜕

𝜕𝜕2𝑥𝑥
− 𝑂𝑂𝑂𝑂𝑂𝑂              (Eq. 1) 

where c is the concentration (mol·m-3), D is the diffusion coefficient (m2·s-1), and 

OCR (mol·m-3·s-1) is the oxygen consumption rate (OCR is assumed to be 

constant during the experiment). The D value for oxygen in water at 20°C 

(2.27·10-9 m2·s) was obtained from de Beer et al. (De Beer et al., 1994). For the 

biofilm, D was corrected using a relative effective diffusion coefficient (Eq. 2), 

𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐷𝐷𝑎𝑎𝑎𝑎 · 𝛾𝛾                 (Eq. 2) 

where Dbio is the oxygen diffusion coefficient in the biofilm, Daq is the oxygen 

diffusion coefficient in water, and γ is the effective diffusion coefficient, with a 

value taken as 0.88, according to Lewandowski et al. (Lewandowski, Walser and 
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Characklis, 1991), and it is consistent with other studies (Stewart, 1998). The 

steady-state solutions to Eq. 1 yields Eqs. 3, 4, and 5: 

𝜕𝜕2𝜕𝜕
𝜕𝜕2𝑥𝑥

= 𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏

                       (Eq. 3) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥

= 𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏

𝑥𝑥 + 𝐴𝐴                   (Eq. 4) 

𝑐𝑐 = 𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏

𝑥𝑥2 + 𝐴𝐴𝑥𝑥 + 𝐵𝐵              (Eq. 5) 

Eq. 5, where A and B are constants, allows us to detect the presence of net 

oxygen consumption and calculate the OCR in the biofilm if the quadratic term is 

present (the sign of the second spatial derivative of the DO concentration profile 

can be used to discern between oxygen consumption or production (Berg, 

Risgaard-Petersen and Rysgaard, 1998)). In this sense, if the quadratic term is 

not present, it is possible to estimate the oxygen flux (J), following eq. 4 with OCR 

= 0 (Eq. 6). 

𝐽𝐽 = 𝐷𝐷𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥

                     (Eq. 6) 

where J is in mol·m-2·s-1. First or second order models have been used to 

calculate the coefficients in Eq. 3, according to convenience, in each zone of the 

profile, using R software (R Core Team, 2015) to perform the least squares 

regression. R has also been used to elaborate the graphs. 

5.3.3. Experimental procedure 

DO concentration profiles were recorded at various stages during the substrate 

degradation cycles, once the start-up and stabilization period was completed. 

The most stable profiles, like those analysed in this article, were produced during 

the constant part of the current cycle, which occurs between feeding and final 

decay. To perform the DO concentration profiles, the microelectrode tip was 

placed 500 μm from the apparent surface of the biofilm and then moved 5 mm 

through the carbon felt electrode. The position of the microelectrode was changed 

every 3 seconds for profile recording, assuming that the nominal response time 

was less than this interval. For a constant height measurement, the 

microelectrode was held outside the diffusion boundary layer (DBL), 100 μm 
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above the apparent surface of the biofilm. Total organic carbon (TOC) was 

determined by a TOC multi N/C 3100 (Analytikjena, Germany). 

5.3.4. Microbial community analysis 

Once the experiment was completed, a sample was taken for analysis of 

microbial communities. For this purpose, a 1 x 1 cm portion of carbon felt was cut 

using sterilized scissors. Genomic DNA from the electrodic sample was extracted 

with the PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, 

USA), following the manufacturer’s instructions. The entire DNA extract was used 

for pyrosequencing of the 16S-rRNA gene-based massive library, targeting the 

eubacterial region V1-V3 16S-rRNA, and performed at MR DNA 

(www.mrdnalab.com, Shallowater, TX, USA), utilising MiSeq equipment 

(Illumina, San Diego, CT, USA). The primer set used was 27Fmod (5′-

AGRGTTTGATCMTGGCTCAG-3′) /519 R modBio (5′-

GTNTTACNGCGGCKGCTG-3′). Diluted DNA extracts were used as a template 

for polymerase chain reaction (PCR) reactions. The obtained DNA reads were 

compiled in FASTq files for further bioinformatics processing. Trimming of the 

16S-rRNA bar-coded sequences into libraries was carried out using QIIME 

software, version 1.8.018 (Caporaso et al., 2010). Quality filtering of the reads 

was performed at Q25 quality prior to grouping into operational taxonomic units 

(OTUs) at a 97% sequence homology cut-off. The following steps were performed 

using QIIME, a denoising procedure using a denoiser algorithm (Reeder and 

Knight, 2010). Final OTUs were taxonomically classified using BLASTn against 

a database derived from the Ribosomal Database Project II (RDPII, 

http://rdp.cme.msu.edu) and the National Centre for Biotechnology Information 

(NCBI, www.ncbi.nlm.nih.gov) 

 
5.4. CONCLUSIONS 

The proliferation and biocatalytic activity of Geobacter in air-exposed anodes 

depends on the anaerobic microenvironment provided by aerobic 

microorganisms present in outer layers of the biofilm, which consume DO. The 

porous structure of the carbon felt causes the channelling of DO in internal zones. 

This study confirms Geobacter's tolerance to sustained oxygen concentrations 

https://www.sciencedirect.com/topics/engineering/total-organic-carbon
http://www.ncbi.nlm.nih.gov/
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below 90 μM. During periods in which the biofilm is maintained without substrate, 

oxygen diffuses through the biofilm height. If these periods without substrate are 

longer than six days the inner electroactive layers seem to be irreversibly 

affected, and the exoelectrogenic activity does not resume again after feeding. 
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ABSTRACT 

The compound 2-mercaptobenzothizaole (MBT) has been frequently detected in 

wastewater and surface water and is a potential threat to both aquatic organisms 

and human health (its mutagenic potential has been demonstrated). This study 

investigated the degradation routes of MBT in the anode of a bioelectrochemical 

system (BES) and the involved microbial communities. The results indicated that 

graphene-modified anodes promoted the presence of more enriched, developed, 

and specific communities compared to bare anodes. Moreover, consecutive 

additions of the OH substituent to the benzene ring of MBT were only detected in 

the reactor equipped with the graphene-treated electrode. Both phenomena, 

together with the application of an external voltage, may be related to the larger 

reduction of biotoxicity observed in the BES equipped with graphene-modified 

anodes (46.2 eqtox∙m–3 to 27.9 eqtox∙m–3). 

6.1. INTRODUCTION 

The benzothiazoles (BTHs) are a group of heterocyclic aromatic compounds 

among which 2-mercaptobenzothiazole (MBT) is the most important member 

(Gaja and Knapp, 1998). This xenobiotic compound is used mainly as a corrosion 

inhibitor and can be applied for the synthesis of antibiotics, herbicides, pesticides, 

rubber, or leather (Li et al., 2004). It is a toxic, widespread, and poorly 

biodegradable pollutant of the aquatic environment, and many studies have 

confirmed that it is a strong allergen and potential mutagen for humans (Morsi et 

al., 2020)(Allaoui et al., 2010). However, conventional biological wastewater 

treatment methods cannot effectively remove MBT from waste streams (Derco et 

al., 2014) because of  the difficulty to biodegrade it (De Wever and Verachtert, 

1994). As a consequence, the development of alternative technologies, such as 

photocatalytic degradation (Li et al., 2005) or the Fenton reaction (Wang et al., 

2016), to mitigate its presence in contaminated streams has aroused extensive 

interest. 

Bioelectrochemical systems (BESs) comprise a group of bio-based technologies 

that have considerable potential for wastewater treatment (Hua et al., 2019) and 

for bioremediation of a wide variety of organic and inorganic pollutants (Wang et 

al., 2020), including xenobiotics (Fernando et al., 2019). For BTH, and to our 



 

82 

 CHAPTER 6 

knowledge, only one brief study reported its degradation in a BES (Liu et al., 

2016). In the referred work, the authors showed that the BES could effectively 

remove BTH from a simulated waste stream containing BTH in concentrations 

from 20 to 110 mg∙L–1. However, neither the BTH degradation pathways nor the 

involved microbial communities (and their role) were presented. In our study we 

aim precisely at closing this gap by (i) shedding light on the degradation routes 

of MBT in the anode of a BES, (ii) identifying the microbial communities that may 

be related to MBT degradation, and (iii) assessing to what extent modifying the 

anode surface can reduce the biotoxicity of MBT-containing effluents. 

Since the central working principle of BES operation relies in the transfer of 

electrons between the microorganisms and the electrodes the optimization of its 

interaction have the potential to significantly improve the performance of these 

systems (Guo et al., 2015). In this regard, the utilization of nanomaterials like 

carbon nanotubes (CNTs), metal nanoparticles or graphene oxide (GO) offers 

new perspectives (Morsi et al., 2020) due to their unique characteristics of 

chemical stability, high conductivity and enhanced electro-catalytic activity for a 

variety of redox-reactions (ElMekawy et al., 2017). In this study GO was used as 

a modifying agent because of its recently explored ability to promote the 

degradation of complex organic compounds by acting synergistically with 

microorganisms (Colunga et al., 2015; Khalid et al., 2018; Shen et al., 2018). 

Another aspect that makes GO interesting as an electrode modification agent is 

its relatively low cost, availability and the possibility of using non-polluting 

procedures for its reduction (Chua and Pumera, 2014). 

6.2. MATERIAL AND METHODS 
6.2.1. MEC setup and operation 

The experiments were conducted in duplicates in the BES operated as microbial 

electrolysis cells (MECs). Taking into consideration a previous study (Alonso et 

al., 2017), with the similar design and size reactors, an applied potential of 1 V 

was chosen. MBT degradation in the anode of these cells was studied under 

three conditions (thus, six cells were used). The first condition involved the use 

of graphene-modified electrodes and was conducted in two MECs: MEC-GO1 

and MEC-GO2. Graphene oxide (GO) was electrodeposited on carbon brush 
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electrodes through a series of 16 consecutive cyclic voltammetries between −1.5 

and 0.8 V vs. Ag/AgCl (3 M) at a scan rate of 20 mVs−1 by following the method 

described in Alonso et al. (2017). The cyclic voltammograms obtained during the 

electrodeposition cycles are shown in the Appendix B (Figure B.1). For the 

second condition, bare (unmodified) carbon brush anodes were used in two 

MECs that were periodically operated under open-circuit (OC) conditions. These 

MECs were labelled as MEC-OC1 and MEC-OC2. Finally, two MECs were used 

as controls (labelled as MEC-UN1 and MEC-UN2) in which bare (untreated) 

carbon brush anodes were used.  

The six MECs were constructed with modified 250-mL Duran® bottles. The 

anode and cathode were made of a carbon brush and stainless steel mesh, 

respectively. The carbon brush consisted of carbon fibres (Mill-Rose, USA) 

distributed in a twisted titanium wire backbone with a length of 3 cm and an outer 

diameter of 2 cm. The stainless steel mesh had a projected area of 15 cm2 (6 x 

2.5 cm).  

River mud (obtained from Porma river) was used as the source of inoculum for 

all MECS and was diluted in culture media (1:4 dilution rate) before being fed to 

the anodic chambers of the MECs. After inoculation, the reactor was fed with 

culture media and with 0.55 g·L−1 sodium acetate as the carbon source. The 

culture media contained (in g·L−1) NH4Cl at 0.15, NaHCO3 at 0.1, NaCl at 0.5, 

MgSO4 at 0.015, CaCl2 at 0.02, K2HPO4 at 1.07, KH2PO4 at 0.53, a trace mineral 

solution at 10 mL, and vitamins at 1 mL, as reported by del Pilar Anzola Rojas et 

al. (2018), added to demineralized water. After acclimation, MBT was added to 

the synthetic solution at a concentration of 0.05 mM, and a subsequent stirring 

for 6 h and purging with N2 gas for 15 min were performed before placing it into 

the reactor.  

All operations were conducted in fed-batch mode (2–3 days) at room temperature 

(21 ± 2 °C). The voltage to each MEC was applied using an EA 2042-06 power 

supply (Elektro-automatik, German). The electrical current was calculated by 

measuring the voltage drop through a 10 Ω resistor and using Ohm's law (I = 

U·R−1). The voltage was measured and recorded at 10-min intervals using a 

Keithley 2700 multimeter (Keithley Instruments, USA).  
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6.2.2. Chemical analysis and calculation 

The total organic carbon (TOC) and pH of the medium were measured at the 

beginning and the end of each batch cycle using a TOC multi N/C 3100 

(Analytikjena, Germany) and a pH meter, GLP 21 (Crison Instruments, Spain), 

respectively. MBT and its transformation products were identified at different 

times (0, 7.5, 15, 30, and 50 h) during the last batch cycle by HPLC–MS, using a 

Thermo Scientific LTQ Orbitrap Discovery apparatus equipped with an 

electrospray interface operating both in positive ion mode (ESI+) and negative 

ion mode (ESI−). A Phenomenex Kinetex XB-C18 (100 mm × 2.10 mm, 2.6 μm) 

column was used. Analyses were carried out using full-scan data-dependent MS 

scanning from m/z 50 to 400. The structures of the transformation products were 

proposed by interpreting their corresponding MS spectra. 

Coulumbic efficiency was calculated according to eq. 1 as: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝑒𝑒 =  
∫ 𝐼𝐼 𝑑𝑑𝑑𝑑𝑡𝑡
0

(𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 −  𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑡𝑡)/𝑀𝑀 ∙ 𝑄𝑄 ∙ 𝑒𝑒 ∙ 𝐹𝐹
                         (1) 

Where CODin and CODout are the COD concentration of BES influent and effluent, 

respectively, I is the circulating electrical current (A), M is the weight of 1 mol of 

COD (32 g·mol-1), Q is the influent flow rate (L·d-1), e is the number of mol of 

electrons exchanged per mol of COD equivalent consumed (4 mol·mol-1), and F 

is the Faraday constant (96,485 C·mol-1).  TOC was converted to COD 

considering sodium acetate as the sole carbon source. 

6.2.3. Biotoxicity analysis  

Biotoxicity was assessed by determining the luminescence inhibition of the 

marine Gram-negative bacterium, Vibrio fischeri strain NRRL B-11177 (formerly 

Photobacterium phosphoreum), after 15 and 30 min of contact time. The bacteria 

were purchased as liquid dried kits, which were stored in a freezer at −20°C and 

rehydrated with liquid medium prior to testing. The light emission of this bacterium 

when in contact with different samples and exposure times was measured using 

a Microtox® 500 (Modern Water, UK) analyser. All samples were tested in 

triplicate. 
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6.2.4. Microbial community analysis 

Genomic DNA was extracted for the carbon brush electrode using the 

PowerSoil® DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA), 

following the manufacturer’s instructions. The entire DNA extract was used for 

pyrosequencing of the eubacteria 16S-rRNA gene-based massive library. The 

primer set used was 27Fmod (5`-AGRGTTTGATCMTGGCTCAG-3`) /519R 

modBio (5`-GTNTTACNGCGGCKGCTG-3`), following the method described in 

San-Martín et al. (2019).  

The DNA reads were compiled in FASTq files for further bioinformatics 

processing. The following steps were performed using QIIME. Denoising was 

performed using a denoiser (Chen et al., 2010). OTUs were then taxonomically 

classified using the Ribosomal Database Project (RDP) Bayesian Classifier 

(http://rdp.cme.msu.edu) and compiled into each taxonomic level with a bootstrap 

cutoff value of 80% (Cole et al., 2009). Raw pyrosequencing data obtained from 

this analysis were deposited in the Sequence Read Archive of the National 

Centre for Biotechnology Information.  

The quantitative analysis of the Eubacteria population was performed via a 

quantitative-PCR reaction (qPCR) using the PowerUp SYBR Green Master Mix 

in a StepOne plus Real Time PCR System (Applied Biosystems, USA). The 

primer sets were 518R qPCR (5′-ATTACCGCGGCTGCTGG-3′) and 314F qPCR 

(5′-CCTACGGGAGGCAGCAG-3). 

6.3. RESULTS AND DISCUSSION 

6.3.1. MEC performance 

The six MECs were all inoculated following the same procedure (i.e. identical 

inoculum, culture medium, temperature, and pH), and the current started to 

increase ~5 days after inoculation. To favour the adaptation of microorganisms 

to the anodic environment and promote repeatable state conditions, all MECs 

were operated in batch mode from day 15 until day 51. The duration of each batch 

cycle (determined by the moment in which the current fell below 0.1 mA) was ~2 

days, thus resulting in 18 batch cycles. The current (averaged for the two MECs 
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used for each of the three conditions described in Section 6.2.1) is shown in 

Figure 6.1.  

The currents in the MEC-GO reactors (MEC-GO1 and MEC-GO2) were slightly 

higher than in the MEC-UN (MEC-UN1 and MEC-UN2) and MEC-OC reactors 

(MEC-OC1 and MEC-OC2). This was especially visible during the first three 

cycles (Figure 6.1), where the peak currents were on average 23% and 38% 

higher compared to those for MEC-UN and MEC-OC, respectively. Afterwards, 

the current profiles tended to converge, which is in agreement with our earlier 

observations (Alonso et al., 2017), where graphene-treated electrodes provided 

relatively high current densities for the first few days of operation. The periodic 

power interruptions to which the MEC-OC cells were subjected did not seem to 

affect the performance in the cells, as current production recovered almost 

immediately once the electrical power was restored (Figure 6.1). A similar 

conclusion was reached by del Pilar Anzola Rojas et al. (2018). 

 

Figure 6.1. Averaged current profiles obtained over the 36 days of operation for the three 

conditions investigated: graphene oxide-electrodeposited anodes (MEC-GO), MECs 

operated periodically in an open circuit (MEC-OC), and the control MECs (MEC-UN). 

The black squares mark the periods in which MEC-OC was operated in the open circuit. 
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During the last batch cycle (starting at day 49), samples were regularly taken to 

analyse the TOC removal from the synthetic medium (Figure 6.2), where acetate 

accounted for 99% of the TOC in the samples. In this cycle, the MEC-GO cell 

produced an electrical charge of 240 C (averaged), which represented an 8% 

increase compared to that of MEC-UN (220 C). This slight difference may also 

explain the slightly better TOC removal observed for MEC-GO compared to that 

of MEC-UN (73% vs. 67%). However, the 57% TOC removal found for MEC-OC 

(which was operated in open-circuit conditions during this cycle) confirmed that 

not all the organic matter removal could be attributed to electrogenic processes. 

To determine the fraction of the electrons from acetate that ended up in the 

electrical circuit, the coulombic efficiency (CE) was evaluated. The slight 

differences in TOC removal and current between MEC-GO and MEC-UN agree 

with the similar values of the CE (~60%) for both reactors. This result also 

suggests that the bacteria that are unable to utilize the electrode as an electron 

acceptor are likely to use acetate for fermentation. Overall, the graphene-

modified electrode appeared to only slightly improve (3%) the TOC removal 

compared to the untreated electrode and 14% compared to an open-circuit MEC.  

 

Figure 6.2. Evolution of total organic carbon removal rate (%) and current (mA) during 

the last batch operation time. 
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6.3.2. MBT degradation mechanism  

Samples taken at 0, 7.5, 15, 30, and 50 h during the last batch cycle were 

analysed using LC-ESI-MS in positive and negative ionization modes to identify 

the main transformation products. The results are compiled in Table 6.1 and 

compared to the data available in the literature (Allaoui et al., 2010; B. Li et al., 

2005; Borowska et al., 2016; Haroune et al., 2004; Malouki et al., 2004; 

Serdechnova et al., 2014; Zajíčková and Párkányi, 2009; Zajíčková and Párkányi, 

2008). Only the main peaks were identified, and appropriate structures were 

proposed by considering the observed (m/z) ratios. The observed results are 

summarized in Table B1, in the Appendix B.  

Based on the observed products, a mechanism has been proposed that includes 

nine different routes, as shown in Figure 6.3. 
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Figure 6.3. Mechanism proposed for the transformation of MBT under the reaction 

conditions  
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We found evidence of at least five different degradation routes and two additional 

routes that lead to dimerization of the starting material. Oxidation of the thiol 

group to a sulfonic acid leads to 2, which yields 3 upon HO• additions to the 

aromatic ring. C-Sthiol fragmentation (possibly homolytic) in MBT (1) followed by 

reaction with water leads to 4 and 5, which render 6 and 7 through successive 

HO• additions to the aromatic moiety. Similarly, consecutive additions of HO• to 

the aromatic ring of MBT yield 8 and 9. Homolysis of C-Sring followed by reaction 

with water gives 10, from which three additional pathways open: i) C-N and C-S 

fragmentations to give 11, which may then undergo HO• addition to 12 and 13 or 

N-oxidation to 19, ii) C-N fragmentation to 14, which can then undergo oxidation 

to 15 followed by HO• addition to 16 or direct HO• addition to 14 to yield 17, and, 

finally, iii) oxidation of both thiol groups to 18. The finding of product 20 shows 

that there must be an alternative pathway through C-S and N=C fragmentation, 

which would also render 11 as a reaction product. C-Sthiol bond hemolysis yields 

a C-centred radical that gives C-C dimerization to 21, which can undergo 

successive HO• additions to make 22 and 23. Finally, the thiol can undergo 

reduction to disulfur 24, from which, after two HO• additions, 25 was obtained (a 

single hydroxylation intermediate was expected to exist, but we could not identify 

it among the reaction products).  

6.3.3. Microbial community analysis on the anode 

To gain further insight into the role of microorganisms on the performance of 

MECs and on the MBT degradation routes, the anodic microbial communities of 

MEC-GO, MEC-UN and MEC-OC were analysed using the 16S rRNA gene 

sequences approach and were studied at the phylum, family, and genera levels. 

At the phylum level (Fig. 6.4), the result showed no large differences between the 

anodes of the MECs subjected to the voltage (MEC-GO and MEC-UN) with 

Proteobacteria and Bacteroidetes being the dominant phyla (both with known 

hydrolysing and electrogenic capabilities (Zakaria et al., 2019)(Zhang et al., 

2011)). Firmicutes, which are also capable of exocellular electron transfer (Zhao 

et al., 2018), was the third dominant phylum in both (MEC-UN and MEC-GO). All 

of them, Proteobacteria, Bacteroidetes, and Firmicutes, are frequently found in 
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the anodic microbial communities of BESs (Zhao et al., 2018)(Hassan et al., 

2018).  

Despite the referred similarities, and while Geobacteraceae, 

Campylobacteraceae, and Commamonadaceae were common in both reactors, 

other families, such as Hydrogenophilaceae, Rhodospirillaceae, and 

Rhodocyclaceae, were only detected in the MEC-GO. These results are in 

agreement with our previous observation that graphene-modified electrodes 

promote a diversity of microbial communities compared to untreated electrodes 

(Alonso et al., 2017).  

 

Figure 6.4. Taxonomic classification of eubacterial communities at the family levels and 

the phyla to which these families belong for MEC-UN, MEC-GO, and MEC-OC 

In the case of the cell that was operated periodically under open-circuit conditions 

(MEC-OC), the anode developed a very different microbial environment with 

Firmicutes being the dominant phylum. Remarkably, we found the presence of 

the Clostridiaceae family (26%), which is known to include a variety of 

fermentative bacteria that decompose organic macromolecules into small organic 

acids, alcohols, and hydrogen (Miyahara et al., 2013), and the Eubacteriaceae 

family, (10%) which was not found in any of the other reactors. The latter is 

capable of enhancing more complete oxidation of substrates (Lei et al., 2018); 
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thus, we hypothesize that this family may have been responsible for some of the 

TOC reduction when the MEC-OC was operated in the open circuit. Finally, 

despite the decrease in the relative abundance, the Geobacteraceae and 

Bacteroidaceae families remained present. 

 

Figure 6.5. Heat map summarizing the main genera present at the MEC-UN, MEC-GO, 

and MEC-OC biofilms 

Heat map analysis (Fig. 6.5) provides a visual way to compare the differences in 

microbial community structures at the genera level. Geobacter, which plays an 

important role in electricity generation by transferring electrons to the anode 

electrode (Karluvalı et al., 2015), was much more enriched at MEC-UN (36%) 

and MEC-GO (31%) than at MEC-OC (18%). This large difference between their 

relative abundances can only be attributable to the power outages in MEC-OC. 

Regardless, Geobacter was present in all of them because acetate was used as 
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the organic carbon source to grow the exoelectrogenic biofilm (Yates et al., 2012). 

A similar trend was found for Bacteriodes (Figure 6.5), which has been reported 

to be capable of hydrolysing complex organics (Rismani-Yazdi et al., 2013). The 

larger abundance of bacteria capable of degrading complex organic matter 

(Bacteriodes) combined with the larger abundance of electrogenic bacteria 

(Geobacter) can likely explain the disparity in the degradation mechanism of MBT 

between the MECs where voltage was constantly applied (MEC-UN and MEC-

GO) with respect to the MECs subjected to power outages (MEC-OC). 

To further confirm the experimental observations presented above, microbial 

characterization of the biomass was carried out using qPCR. This technique 

showed a significantly greater presence of biomass in the anodes of MEC-GO 

(9.6 x 107 gene copy number · gdw−1 anode) and MEC-UN (4.4 x 107 gene copy 

number· gdw−1 anode) compared to that of MEC-OC (1.3 x 106 gene copy 

number · gdw−1 anode), which can only be attributed to the electrical outages in 

MEC-OC. It is also possible that this higher biomass in MEC-UN and especially 

in MEC-GO accelerates the MBT degradation owing to the presence of a greater 

quantity of functional bacteria.  

6.3.4. MBT microbial degradation and biotoxicity 

Very similar chromatograms were obtained from solutions at different operational 

conditions. However, consecutive additions of OH substituents to the benzene 

ring of MBT, which lead to compounds 8 and 9 (Figure 6.3), was only detected in 

the MEC-GO effluent. We hypothesize that Rhodococcus rhodochrous was the 

main one responsible for this, although due to its low relative abundance (<1%) 

its family (Nocardiaceae) and its genera (Rhodococcus) were not shown in Figure 

6.4 and 6.5, respectively. The formation of 6-OH-MBT by Rhodococcus 

rhodochrous was previously described by Haroune et al. (2004), who also 

reported that hydroxylation of benzene ring could be formed by action of 

monooxygenase and  hydroxylated MBT was less toxic than MBT. Moreover, the 

biotoxicity tests showed that while the MEC-OC reduced the biotoxicity of the 

effluent from an initial value of 46.2 eqtox∙m−3 to 44.8 eqtox∙m−3 (3% reduction), 

the MEC-UN reduced it to 39.7 eqtox∙m−3 (14% reduction), and the MEC-GO 

further reduced it to 27.9 eqtox∙m−3 (39% reduction). Therefore, the applied 
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voltage and, primarily, the graphene electrodeposition had a significant impact on 

the reduction of the harmful effects on life of the MBT. It can be hypothesised that 

this higher diversity combined with the presence of Rhodococcus rhodochrous 

could explain the greater reduction in biotoxicity found for the MEC-GO. 

6.4. CONCLUSIONS 

The results presented in this study suggest that the anode of a MEC can 

significantly reduce the biotoxicity of MBT-contaminated streams. This may be 

related to the higher amount of biomass and to the larger abundance of the 

Bacteroides (able to degrade complex substrates) and Geobacter genera in the 

cells where voltage was constantly applied. The results also show that graphene-

modified anodes can further reduce the biotoxicity, which seems linked to the 

greater diversity promoted by these anodes and especially to the presence of 

Rhodococcus rhodochrous. This bacterium can convert MBT into hydroxylated 

MBT (less toxic than MBT), which is in agreement with the MBT degradation 

mechanism described in this paper. Finally, the performance of the BES, in terms 

of current production, coulombic efficiency, and COT removal, was not 

significantly affected by the presence of graphene in the anodes or by periodically 

operating the BES under open-circuit conditions.  
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ABSTRACT 

This study seeks to assess the impact that the anodic electrodeposition of 

graphene oxide (GO) has on the start-up process and on the development of 

microbial communities on the anode of BESs. The GO electrodeposited 

electrodes were characterised in abiotic conditions to verify the extent of the 

modification and were then transferred to a bioelectrochemical reactor. Results 

showed that the modified electrode allowed for a reduced start-up time compared 

to the control electrode.  After three months, high throughput sequencing was 

performed, revealing that electrochemically reduced graphene oxide acts as a 

selective agent toward exoelectrogenic bacteria as Geobacter. Overall, this study 

shows that GO modified electrodes enhance biofilm build up in BES. 

7.1. INTRODUCTION 

Practical implementation of BES technologies still demands a considerable effort 

to make this technology economically and technically competitive.  Process 

efficiencies, and particularly current densities usually found at laboratory and pilot 

scale, are not suitable for an industrial application. This has led to important 

efforts in new materials development, searching a compromise between high 

efficiency and low cost features. Nonetheless, engineering, electrochemical and 

biological factors as well as process control strategies still have much to 

contribute to make these technologies advance. As proof of this is the increasing 

momentum that the modification of biofilm–electrode interfaces (usually with 

small biocompatible molecules and nouvelle materials (Wu et al., 2013; Zhang et 

al., 2016))  has gained in recent years, allowing for improving key performance 

parameters in bioelectrochemical systems (BES), such us biofilm development 

time, current density or mass transfer between the bulk solution and the 

exoelectrogenic biofilm. Figure 7.1 summarises some of the modification 

methods already tested in BES anodes (for more detailed information, we refer 

the reader to the excellent reviews of Kumar et al.(kumar, Sarathi and Nahm, 

2013) and Liu et al. (Liu et al., 2016)). The present study can be considered part 

of to the ‘nanostructured materials’ branch, in which the electrode is modified with 
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complex carbon molecules that possess metallic or semiconductor properties, 

which can participate in charge transfer processes (Gogotsi and Presser, 2013).  

  

Figure 7.1. Schematic representation of different strategies used for the modification of 

BES anodes. 

Graphene derivatives represent an interesting group of suitable nanostructured 

materials for electrode modification due to their unique characteristics, such as 

large specific surface area, high electrical conductivity, chemical stability and 

electro-catalytic activity, for a variety of redox reactions. These aspects have led 

to an intensive application of graphene modified materials in the electrochemistry 

field, especially in sensing and energy storage, and generation areas (Brownson 

and Banks, 2014). 

Several studies have been published on the application of graphene in BES, 

especially in microbial fuel cells. Apart from the advantages previously discussed, 

these studies have also reported the positive effect of graphene derivatives over 

the biofilm build-up and the interactions between the material and the 

microorganisms (Ruiz et al., 2011; ElMekawy et al., 2016). However, the 

antibacterial effect of graphene-based materials against bacterial cells is still a 

controversial issue. Some studies point out the lack of antibacterial effects of the 

GO (Wang and Sun, 2011), while on the contrary, other studies affirm that the 

GO materials destroy cellular integrity (Hofmann et al., 2017). Furthermore, to 

date, most of the studies have been mostly restricted to assess the interactions 
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of pure strains with graphene (Wang and Sun, 2011; Mej, Santos and Rodrigues, 

2012; Fonseca et al., 2014), while there is still a lack of knowledge about the 

effect of these graphene-based materials on the overall microbial community of 

a mixed culture. 

To our knowledge the present study provides, for the first time, an effective 

method for GO electrodeposition on a carbon brush electrode (anode) via an 

electro-reductive process based on a conventional potentiostatic technique. This 

represents a fast and effective method that  avoids the use of contaminant 

reagents, and presents a low sensitivity to temperature and reduced 

stoichiometry uncertainty (Ambrosi and Pumera, 2013), thus providing a  

sustainable and technically sound alternative to methods like thermal, chemical, 

photothermal and laser-induced reduction methods. The GO electrodeposited 

electrodes were characterised in abiotic and biotic conditions, and bacterial 

communities on the anode biofilm were analysed by means of high throughput 

sequencing at the end of the experiment. Our experiments were performed using 

an environmental inoculum in order to gain insights about how a real and high 

diversity inoculum responds to a graphene modified electrode. Above all, we aim 

at assessing both the effect of electrochemically reduced GO (erGO) on the start-

up process of a bio-anode, and how the erGO impacts on the development of the 

microbial communities in the anodic biofilm after a long-term operation of the 

BES. 

7.2.  MATERIALS AND METHODS 

7.2.1. Preparation of graphene brush modified 
electrode 

Graphene oxide (GO) was electrodeposited on a carbon brush electrode under 

deoxygenated conditions (guaranteed via nitrogen bubbling) through a series of 

16 cyclic voltammetries (CV) between -1.5 and 0.8 V vs. Ag/AgCl (3M) and at a 

scan rate of 20 mVs-1. The electrodes consisted of carbon fibers (PANEX 35 50K, 

Zoltek) wound into two twisted titanium wires (length = 95 mm, diameter = 0.8 

mm, gauge 20), provided by Mill-Rose (US). The brush length was 2 cm and the 

diameter, 1 cm. The minimum potential selected for carrying out the simultaneous 
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reduction-electrodeposition process (-1.5 V) was chosen to maximise the 

reduction of oxygen-based groups, avoiding the damage of deposited graphene 

film caused by hydrogen evolution (Ambrosi and Pumera, 2013). The brush was 

connected as a working electrode (WE) and a platinum wire mesh (2 cm x 2 cm, 

Goodfellow, UK) served as counter electrode (CE). The electrolyte consisted of 

an aqueous solution containing 150 mM NaCl and 0.5 mgmL-1 of GO 

(TheGrapheneBox, Spain). The solution was previously neutralised with 0.5 M 

KOH and then sonicated for 15 minutes. The GO dispersion used contained 4 

mg·mL-1 of GO in nanosheet form and was prepared according to modified 

Hummers method (Marcano et al., 2010) (further information about this reagent 

can be obtained from www.thegraphenebox.com). The graphene modified brush 

will be referred to as electrochemically reduced GO electrode (erGO electrode) 

throughout the manuscript. 

7.2.2. Electrodes characterisation 

The microstructures of erGO and unmodified electrodes was examined by the 

JEOL JSM-6480LV scanning electron microscope (SEM). The fibres of the 

electrodes were cautiously cut up and rinsed in deionized water and dried at 

ambient temperature. Prior to observation of the microstructure by SEM, the 

fibres were sprayed with a thin layer of gold with a Leica EM ACE600 equipment. 

Fourier-transform infrared spectroscopy (FTIR) was performed in order to search 

for changes in the electrodes chemical properties. FTIR spectra of the samples 

were recorded by a Thermo IS5 Nicolet spectrophotometer and acquired from 

400 to 4000 cm−1 at room temperature (16 scans and spectral resolution of 

4 cm−1). The samples for FTIR analysis were prepared by cutting and 

subsequently fine grinding in a mixer ball mill (MM200, Retsh, Germany) the 

fibres of the electrodes. The peak positions were determined using Origin 2015 

software. 

7.2.3. Electrochemical analysis 

The abiotic characterisation of the electrodes was performed using a BioLogic 

VSP potentiostat. The data plot and analysis were carried out using the software 

associated with the equipment (EC-Lab® V10.40). The ohmic drop is 

http://www.thegraphenebox.com/
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compensated by an built-in method in the EC-Lab® software, based on 

resistance determination through Electrochemical Impedance Spectroscopy 

(EIS). A 100 mL conical cell (Metrohm 6.1415.210), using a three-electrode 

configuration with an Ag/AgCl reference electrode (RE) (Bioblock Scientific) and 

a platinum mesh (Goodfellow) were used as CE. The reaction medium was 

previously sparged for 20 minutes with pure nitrogen to remove dissolved oxygen 

that interferes in the cyclic voltammetry. 

7.2.4. MECs set-up and operation  

The biotic characterisation of the electrodes was performed on single chamber 

MEC reactors (50 mL volume), and were constructed according to Call and 

Logan(Call and Logan, 2008). The single chamber design was chosen due to its 

simplicity and advantageous reproducibility (Beyenal and Babauta, 2015). The 

anodes of the (MECs) were inoculated by mixing river mud obtained from a local 

river with growth medium in a 1:5 volume ratio. The growth medium composition 

per litre was 0.87 g of K2HPO4, 0.68 g of KH2PO4, 0.25 g of NH4CL, 0.453 g of 

MgCl2·6H2O, 0.1 of KCl, 0.04 of CaCl2·2H2O, 10 mL of mineral solution and 500 

mgL-1 of sodium acetate were added to the mixture as carbon source. The mineral 

solution composition is detailed in Marshall et al. (Marshall et al., 2012). The 

cathodes were made with stainless steel mesh (AISI304) and their area was 

approximately 5 cm2. 

MECs were operated in fed-batch mode at 30 °C under controlled temperature 

conditions. A fresh medium solution with acetate was refilled when the current 

dropped below 100 μA. The cell potential was poised at 1 V between anode and 

cathode. 

7.2.5. Microbial community analysis 

In order to study the microbial community attached to the electrodes, two different 

samples from each graphite brush were cut at different points. Genomic DNA 

from these electrodes were extracted with the PowerSoil® DNA Isolation Kit 

(MoBio Laboratories Inc., Carlsbad, CA, USA), following the manufacturer’s 

instructions. The entire DNA extract was used for the pyrosequencing of the 16S-

rRNA gene-based massive library targeting the eubacterial region V1-V3 16S-

https://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&sqi=2&ved=0ahUKEwiirL32vv3OAhXMAMAKHT2PA_EQFggsMAI&url=https%3A%2F%2Fwww.jlab.org%2Fconferences%2Ftfsrf%2FThursday%2FTh2_1-EIS%2520intro%2520Reece.pdf&usg=AFQjCNGEjjoQ5BhTwDlmkZ4NH7nMdzrPBA&bvm=bv.131783435,d.ZGg
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rRNA and performed at MR DNA (www.mrdnalab.com, Shallowater, TX, USA) 

utilising MiSeq equipment (Illumina, San Diego, CT, USA). The primer set used 

was 27Fmod (5`-AGRGTTTGATCMTGGCTCAG-3`) /519R modBio (5`-

GTNTTACNGCGGCKGCTG-3`). Diluted DNA extracts were used as a template 

for PCR reactions. The obtained DNA reads were compiled in FASTq files for 

further bioinformatics processing. Trimming of the 16S-rRNA bar-coded 

sequences into libraries was carried out using QIIME software version 

1.8.0(Caporaso et al., 2010). Quality filtering of the reads was performed at Q25 

quality prior to grouping into Operational Taxonomic Units (OTUs) at a 97% 

sequence homology cut-off. The following steps were performed using QIIME: a 

denoising procedure by using a denoiser algorithm(Chen et al., 2010). Final 

OTUs were taxonomically classified using BLASTn against a database derived 

from the Ribosomal Database Project II (RDPII, http://rdp.cme.msu.edu) and the 

National Centre for Biotechnology Information (NCBI, www.ncbi.nlm.nih.gov). 

Raw pyrosequencing data obtained from this analysis were deposited in the 

Sequence Read Archive (SRA) of the NCBI under nucleotide sequence 

accession numbers SRP117204. 

To evaluate the diversity of the samples, microbial richness estimators (observed 

OTUs and Chao1) and diversity indices estimators (Shannon (H’) and 1/Simpson) 

were calculated with the defined OTUs table (shared.file) using MOTHUR 

software, version 1.35.1 (http://www.mothur.org), for each sample(Schloss et al., 

2009), and normalising the number of reads of all samples with those of the 

sample with the lowest number of reads. The genus chord diagram was made 

using the statistical software R, version 3.3.2 (http://www.R-project.org)(R Core 

Team, 2015). 

7.3. RESULTS AND DISCUSSION 

7.3.1. Electrochemical behaviour of the erGO 
electrode 

The original brush electrode was modified by a series of CV following the method 

described above (section: Preparation of graphene brush modified electrode). 

The CV profiles (Fig. 7.2) tended to move upwards in the positive direction of the 

Y-axis (see the inset in Fig. 7.2) as the number of cycles increased, which 

http://www.ncbi.nlm.nih.gov/
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indicates that the capacitance of the electrode increased with every new cycle, 

thus confirming that a conductive film had been electrodeposited over the working 

electrode. The relevance of the electrode capacitance in BES performance has 

been reported in several studies (Deeke et al., 2012),(Tang et al., 2015). 

Figure 7.2. Cyclic voltammetry curves obtained during 16 cycles of simultaneous 

reduction/electrodeposition electrode modification procedure. The blue arrows point to 

the reduction/oxidation peaks attributed to oxygen-based functionalities. The green 

arrow shows the beginning of the hydrogen evolution reaction. 

All CVs clearly exhibited a cathodic wave starting at -1.0 V (green arrow), which 

is generally attributed to the irreversible electrochemical reduction of GO(Jiang 

et al., 2012) following the reaction Eq.(1): 

            𝐺𝐺𝐺𝐺 + 𝑥𝑥𝐻𝐻+ + 𝑦𝑦𝑒𝑒− → 𝑒𝑒𝑒𝑒𝐺𝐺𝐺𝐺 + 𝑧𝑧𝐻𝐻2𝐺𝐺                          (1) 

This process is responsible for transforming nonconductive GO into 

electrochemically-reduced GO (erGO), which is a good electron 

conductor(Dreyer et al., 2010). Other less apparent reduction and oxidation 

peaks (approximately placed at -0.4 and -0.1V, blue arrows) could arise due to 

the activity of oxygen-based functional surface groups(Chen et al., 2011). 

Interestingly, the presence of such remaining oxygen-based functionalities 
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seems to be related with surface electrode properties like hydrophilicity, which 

may influence biofilm formation and development(Cornejo et al., 2015).  

To evaluate the impact of the GO electrodeposition on the electrochemical 

properties of the electrode, several CVs were performed in a solution containing 

3.4 mM K3Fe(CN)6 and 0.1 M KCl as supporting electrolyte (for both the 

unmodified or control and erGO electrodes). The voltammograms (Fig. 7.3) were 

recorded at 20 mVs-1 scan rate, revealing two clear-cut redox waves 

corresponding to the K3Fe(CN)6 / K4Fe(CN)6 pair. The higher peak corresponded 

to the erGO modified electrodes (7.6 against 4.2 mA referring to the 

correspondent baselines(Bard and Faulkner, 1980)), which points to enhanced 

electrocatalytic activity (attributable to a larger electroactive surface area), thus 

confirming the results outlined in Fig. 7.2. Moreover, the peak-to-peak separation 

was much smaller in the erGO electrode (599 versus 210 mV), revealing an 

electrochemical behaviour much closer to reversibility (at least for the K3Fe(CN)6 

/ K4Fe(CN)6 pair). All these observations indicate that the deposited graphene 

enhanced the heterogeneous electron transfer between the solution and the solid 

electrode surface. 

 

Figure 7.3. Cyclic voltammetry performed at a scan rate of 20 mV·s-1 in 3.4 mM 

K3Fe(CN)6 and 0.1 M KCl as supporting electrolyte for the unmodified and erGO 

electrodes. 
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7.3.2. Assessing the microstructure and chemical 
composition of the erGo electrode 

To confirm that the electrochemical behavior of the erGO electrode can be 

confidently attributed to the presence of electro-reduced graphene, SEM and 

FTIR spectroscopy analyses were performed. Figure 7.2a-c shows SEM images 

of the modified and unmodified electrodes fibers. While the surface morphology 

of the unmodified fibers exhibits a characteristic striated pattern, the modified 

fibers appeared coated with a layered film that can be attributed to the electro 

reduced graphene. Moreover, the film often stretches between adjacent fibers 

(Fig. 7.4d), a fact that could contribute to enhance the conductivity of the overall 

electrode. 

 Figure 7.4e represents the FTIR spectra for both, the unmodified and erGO 

electrodes. Black arrows mark the peaks attributable to the support material (the 

graphite fibers) while the red arrows mark the peaks related to the erGO 

modification. Maxima near 2296cm-1 and 2089cm-1 correspond to the presence 

of unsaturated nitrile groups respectively, and were present in both samples. The 

peaks at 3436cm-1 and 1702cm-1 are characteristic of the epoxy and carbonyl 

groups in the erGO electrode arrangement, that were referred as oxygen-based 

functionalities in the electrochemical characterization of the erGO electrode. The 

1542cm-1 peak in erGO electrode sample could be attributed to the skeletal 

vibration of non-oxidized graphite, although this last point is unclear. 
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Figure 7.4. SEM images of electrode fibers. (a) unmodified X5000 magnification. (b) 

erGO X5000 magnification. (c) unmodified X10000 magnification. (d) erGO X10000 
magnification. (e) FTIR spectra of unmodified (black) and erGO (red) electrode fibers. 
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7.3.3. Assessing the bioelectrochemical behaviour of 
the erGO electrode 

Following its abiotic characterisation, the erGO electrode was transferred to an 

MEC and was operated as the anode to assess its behaviour in a 

bioelectrochemical environment. A similar MEC was used as a control (with an 

unmodified anode) and both the erGO and the unmodified electrode MECs were 

inoculated using the same inoculum and following the same procedure. 

Significant differences in the performance of the erGO-MEC and control were 

observed from the moment of inoculation. One of the most striking contrasts is 

related to the start-up period; while the erGO electrode MEC needed about 30 

hours (Fig. 7.5), the control MEC (unmodified electrode) required approximately 

ten days (the 10-day lag phase for the control MEC is not represented in Fig. 7.5), 

which could be indicative of  favourable conditions for bacterial adhesion on the 

erGO electrode (ElMekawy et al., 2016). Moreover, the exponential current 

increase typically found in BES during the start-up presented a much steeper 

slope for the erGO electrode, and the erGO MEC achieved a steady current in a 

matter of five days, while the MEC with the unmodified electrode needed about 

14 days (Fig. 7.5). These facts can be related to a biofilm enhancer role of 

graphene-based materials, as already observed by other authors (Ruiz et al., 

2011; Yoshida, Goto and Miyata, 2016).  

 Despite the differences concerning the start-up, the electrical currents 

produced by the erGo and the MEC with the unmodified electrode tended to 

converge over time.  The average current over a period of six months of operation 

was 0.94 mA for the unmodified electrode MEC and slightly higher (1.12 mA) for 

the erGO.  Moreover, acetate was totally consumed in both reactors, as it was 

confirmed from organic and inorganic carbon analysis at the end of every cycle 

feed. This convergence in the reactors performance contrasts with the 

considerable differences observed between the communities attached to the 

electrodes (see the microbial communities analysis section), which suggests the 

presence of a limiting factor for current production other than the microbial 

environment (e.g. biofilm maximum density or a limiting diffusion of protons out 

of the biofilm).   
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Figure 7.5. Chronoamperometries obtained for the erGO and unmodified electrodes after 

inoculation. The lag phase for the unmodified electrodes (9 days) is not included. Blue 

arrows represent the point where growth medium was replaced.  

7.3.4. Bacterial communities structure 

This section tries to clarify to what extent the GO electrodeposition affected to the 

microbial diversity and the biofilm development in our set-up. Diversity indices 

and rarefaction analyses were performed for both anodic biofilms (erGO and 

unmodified electrodes). As can be seen in Table 1, diversity indices (Shannon 

(H’) and 1/Simpson index) were only slightly higher in the erGO electrode (H’=2.5, 

1/Simpson=3.9) compared to unmodified electrode (H’=1.8, 1/Simpson=3.1). 

However, species richness indicators (observed OTUs and Chao1 estimator) 

differed significantly between unmodified and erGO electrode, with the latter 

scoring the highest indications. 
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Table 7.1. Number of sequences and operational taxonomic units (OTUs), estimated 

richness (observed OTUS and Chao1), and diversity indices (Shannon (H’) and 

1/Simpson) for eubacterial OTUs.  

 
Sample No. 

seqs. 
Observed 
OTUs 

Chao1 Shannon (H’) 1/Simpson 
mean (c.i.)* mean (c.i.)* mean (c.i.)* 

Unmodified 
electrode 

86468 111 166.7 136.8-231.1 1.8 1.82-1.84 3.1 3.06-3.13 

erGO 
electrode 

435633 659 664.2 659.9-686.6 2.5 2.48-2.50 3.9 3.87-3.01 

  
 * c.i. 95% confidence intervals. 

Furthermore, the number of quality reads in the erGO electrodes (435,633) is five 

times higher than that of the unmodified electrode (86,468) as observed from 

Table 1 and rarefaction curves (Fig. 7.6), which implies a greater biomass 

proliferation in the erGO electrode. These results suggest that the modification in 

the erGO electrode led to an enhanced bacterial attachment, thus accelerating 

the biofilm formation (Chen et al., 2015) and speeding-up the start-up process – 

all of which could help to explain the differences observed in Fig. 7.5. An increase 

in the hydrophilicity of the erGO electrode (derived from the GO 

electrodeposition) might be the cause of these differences (Wang et al., 2009; 

Chen et al., 2011).   

 

Figure 7.6. Rarefaction curves of eubacterial number of operational taxonomic units 

(OTUs) obtained from high throughput sequencing results, for the unmodified and erGO 

electrodes. 
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To better understand the effect of the GO electrodeposition over the structure of 

the microbial communities initially present in the inoculum, a taxonomy 

assignment was performed. The river mud sample, used as inoculum for both 

reactors, showed a very high diversity represented by 12 different phyla (Fig. 7.7). 

The microbial population was primarily composed of bacteria from the phylum 

Proteobacteria (50%), members of phylum Bacteroidetes (15%), and followed by 

many phyla represented in lower relative abundances as Chloroflexi (10%), 

Verrucomicrobia (6%), Acidobacteria (4%), and Firmicutes (2%) among others. 

After an acclimatisation period (4 months) in both MEC reactors, two aspects 

deserve consideration regarding the anodic microbial communities: (i) the 

diversity decreases drastically in the anodic biofilms, and (ii) a different selective 

enrichment is observed in the unmodified electrode compared to the erGO 

electrode. In both electrodes, the eubacterial community was also primarily 

composed of microorganisms from phylum Proteobacteria, 86% and 60% in 

unmodified and erGO electrode, respectively. However, in the unmodified 

electrode, β-proteobacteria is the predominant class of Proteobacteria (68%), 

mainly represented by the Burkholderiaceae family. However, the best part of the 

Proteobacteria phylum in the erGO electrode belongs to the class δ-

proteobacteria (51%), where the Geobacteraceae family represents 50% of the 

sequences of this class. Members of phylum Bacteroidetes are also found in both 

electrodes – 2% and 11% in unmodified and erGO electrode, respectively. 

Contrary to members of the phylum Proteobacteria, which have been described 

as playing an important role for the extracellular electron transfer (EET) in the 

biofilms(Ishii et al., 2012), Bacteroidetes do not have a clear function in electricity 

generation. However, this phylum is often found abundant in the biofilm 

consortium, suggesting, therefore, that they could also be important for efficient 

biofilm function(Ishii et al., 2012). Deferribacteres only found in erGO electrode 

(19%) is a phylum of anaerobic bacteria iron reducers and phylogenetically close 

to the Geobacter cluster; hence, they could have a relevant role in MEC 

performance. Interestingly, this phylum has also been identified in other reduced 

graphene oxide electrodes(Luo et al., 2016). 
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Figure 7.7. Taxonomic assignment of high throughput sequencing data from eubacterial 

communities of the initial inoculum (river mud) and of both electrodes (unmodified and 

erGO electrodes), at a phylum level. Groups accounting for less than 1% of the total 

number of sequences per sample were classified as ‘others’. 

In order to gain insight into how the selective enrichment of electrochemically 

active bacteria in the anode is influenced by the modification process (GO 

electrodeposition), all genera above 0.5% are represented in a chord diagram 

(Fig. 7.8). Although the river mud used as inoculum is composed of many different 

genera in a very low relative abundance, a sharp specialisation is observed in 

both electrodes. Indeed, while in the unmodified electrode, Burkholderiaceae 

family was found at the highest frequencies (56% Burkholderia and 10% 

Ralstonia), the erGo electrode is dominated by the well-known exoelectrogenic 

Geobacter (50%), followed by other electrochemically active genera of interest in 

bioelectrochemical systems such as Geovibrio (14%), Acetivibrio (2%), 

Denitrovibrio (4%)(Luo et al., 2016) and Dysgonomonas (4%). 
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Figure 7.8. Chord diagram showing the genus that present a relative abundance more 

than 0.5% in the three samples analysed. 

Finally, we would like to point out that the observed increment of biomass 

formation in the reduced GO electrodes (see Table 7.1) is consistent with a recent 

work published by Virdis and Dennis (Virdis and Dennis, 2017). However, while 

Virdis and Dennis(Virdis and Dennis, 2017) did not find any enriched microbial 

taxa known to perform extracellular electron transfer (EET), our results 

demonstrate a clear enrichment in Geobacter,  which seems to indicate that for 

certain exoelectrogens such as Geobacter sp, erGO acts as a selective agent 

over the environmental inoculum. Thus, the enhanced start-up of the GO reactors 

could be attributable not only to the improved electrochemical properties of the 

GO electrode (see section Electrochemical behaviour of the erGO electrode), but 
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also to partially reduced functionalities and other network imperfections, that are 

characteristic of the graphene obtained via GO reduction and might explain the 

observed affinity for Geobacter sp. A related behaviour has been reported 

elsewhere(Yoshida, Goto and Miyata, 2016), where an enrichment in 

Desulfomonas, a marine exoelectrogen genus, was reached with a simultaneous 

GO bio-reduction. Therefore, our study is in agreement with others studies 

(Yoshida, Miyata, Mugita, et al., 2016; Yoshida, Goto and Miyata, 2016), where 

the GO show certain selectivity for some exoelectrogenic species.  

7.4. OUTLOOK AND FUTURE PERSPECTIVES 

Although the effect of the graphene oxide on the composition and development 

of bacterial communities in the anode of BES is still unclear, these results seem 

to confirm its beneficial impact on the enrichment and formation of a specific 

electroactive biofilm that enhances MEC performance by accelerating the start-

up times. 

The electrochemical deposition of graphene oxide, aside from improving the bio-

electrochemical behaviour of the electrodes, offers some additional advantages, 

as it is a green, environmentally friendly, scalable and cost effective method. To 

this, the versatility in the handling of a liquid suspension (Brownson and Banks, 

2014) must be added. Still, the method presented here offers room for 

improvement. For instance, the selective enrichment effect of the GO observed 

in this study invites to tune up the C/O ratio during the reduction process (Ambrosi 

and Pumera, 2013). This would allow researchers to influence the electrogenic 

biofilm population, which is an interesting possibility for biosensor development. 

Another research opportunity arises from the possibility of directly using 

electroactive microorganisms as bio-reduction agents in the electrode 

modification procedure, which is an idea already suggested in a recent 

publication (Yoshida, Miyata, Doi, et al., 2016) and has the possibility to be 

integrated with the method proposed in this study. 

7.5. CONCLUSIONS 

This article presents for the first time a single-step GO electroreduction procedure 

for the modification of graphite electrodes to be used in a MEC. CVs performed 
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in abiotic conditions revealed that the deposited graphene enhanced the 

heterogeneous electron transfer between the solution and the solid electrode. 

When operated as the anode of an MEC, the GO modified electrode accelerated 

the start-up and current stabilisation periods, probably as a result of its increased 

hydrophilicity. After 3 months of operation, both cells displayed a nearly similar 

behaviour in terms of current production, revealing that the performance-

enhancing role of graphene can be circumscribed to the start-up process. Overall, 

the electrode modification seems to facilitate the formation of a robust biofilm, a 

selective enrichment and shows an affinity of the electrochemically active 

bacteria Geobacter for the erGO electrode, discarding any antibacterial effect, at 

least for this genus. 
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ABSTRACT 
Additive manufacturing (AM) could provide flexibility in the design of a new 

generation of microbial electrochemical technologies (MET) electrodes. In this 

work, the use of polylactic acid (PLA)/graphene as bioanode was demonstrated, 

showing the relevance of a suitable pre-treatment method in subsequent biofilm 

development. The behaviour of the PLA/graphene seems to be comparable to 

other widely used MET electrodes materials in terms of (bio)electrochemical 

performance and microbial community composition. This opens new insights for 

the application of MET to challenges related with sustainable energy generation 

and management. 

8.1. INTRODUCTION 
The advance of a multidisciplinary field like bioelectrochemistry runs parallel to 

that of other fields of knowledge such as microbiology, electrochemistry, 

materials science or manufacturing engineering in an interdependent manner 

(Schröder, Harnisch and Angenent, 2015). Thus, the appearance of new 

materials, frequently referred to as nanomaterials, has opened new perspectives 

in the development of microbial electrochemical technologies (MET), which could 

contribute to overcoming global challenges in sustainable energy and waste 

management, as numerous publications have already shown (Alonso et al., 2017; 

Zhang et al., 2018; Kaur et al., 2020; San-Martín et al., 2020). Another 

technological breakthrough capable of evolving METs is additive manufacturing 

(AM), which has meant a paradigm shift in manufacturing engineering and has 

revealed potential in the development of functional MET prototypes (Strack, 

2019). The improvement of electrodes is a key aspect to promote the techno-

economic feasibility of METs, as well as to broaden their field of application 

(Chiranjeevi and Patil, 2019). The search for electrodes that possess the desired 

characteristics (high conductivity, biocompatibility, ease of handling and 

availability) is a challenge in the development of METs, even more so if the 

scaling up of these systems approaches on the horizon. A recently developed 

line of research is exploiting the advantages of polymer electrodes made by AM 

in electrochemical applications such as sensing (O’Neil et al., 2019; Kumar et al., 

2020) and energy storage (Zhang et al., 2020; Redondo and Pumera, 2021). The 
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study introduced here proposes to pave the way for the introduction of these 

electrodes in METs by performing a proof of concept for 3D printed PLA/graphene 

electrodes as bioanode in a MET. This objective also depends on the 

determination of a suitable activation procedure for the material, focused on its 

utilization in METs, for which it becomes necessary to use electroanalytical 

techniques (performed both in the bare electrode and with attached biofilm) and 

microbiological analysis. 

8.2. MATERIAL AND METHODS 
8.2.1. Electrodes manufacturing and activation 

The electrodes were created using additive manufacturing (AM) with a fused 

deposition modelling (FDM) technique. The geometry of the electrodes, as shown 

in Fig. 8.1, was designed to facilitate wiring and to facilitate subsequent 

experimentation. The printer used was a Prusa i3 (RepRap). In order to 

manufacture the electrodes, it was necessary to use a computer-assisted design 

(CAD) model and generate a Standard Triangle Language (STL) file. 

Subsequently, the piece was manufactured by depositing a fused polymeric 

compound. In this study, graphene-loaded polylactic acid (PLA/graphene, Black 

Magic 3D, New York) with a filament diameter of 1.75 mm was used. The filament 

passed through a 0.4 mm diameter nozzle whose working temperature was 200 

°C. Finally, the polymer was deposited layer by layer on the working surface of 

the machine. The working bed was tempered to 50 °C during the entire 

manufacturing process. The printing parameters for successful manufacture of 

the parts were as follows: (i) layer height of 0.2 mm, (ii) a linear pattern with a 

40% infill, and (iii) a printing speed of 2000 mm·min-1. Three activation 

procedures were essayed: electrochemical, chemical using dimethylformamide 

(DMF) as solvent, and chemical using acetone as solvent. The control electrode 

was gently cleaned with deionized water after manufacturing, but it underwent no 

activation procedure. Electrochemical activation was done in phosphate buffer 

solution (pH 7) by applying a cell potential of 2.5 V during 250 s in a two-electrode 

arrangement. The counter electrode was a platinum mesh (Goodfellow, UK). 

DMF and acetone activation were performed by soaking the electrodes in the 

respective pure solvent (Sigma Aldrich) for 60 s and then removing the solvent 
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by rinsing profusely with deionized water. Immersion times of more than 120 s in 

both DMF and acetone caused the destruction of the electrodes. The pre-

treatment procedures were adapted from those proposed by Gusmão et al. 

(Gusmão et al., 2019), who point out DMF and acetone as suitable activation 

agents, and Browne et al. (Browne et al., 2018), who describe the electrochemical 

activation procedure. 

 

Fig. 8.1. Bioelectrochemical reactor used in the experiments (A). Geometry of PLA 

electrodes, dimensions in mm (B). 

8.2.2. Electrochemical characterisation 
apparatus and reagents 

The electrochemical behaviour of the electrodes (control, electrochemical- 

activated, DMF-activated and acetone-activated) was initially evaluated by cyclic 

voltammetry (CV) performed in a 5 mM K3Fe (CN)6 solution (support electrolyte 

KCl 0.1M), with a scan rate of 1 to 20 mVs-1. Electrochemical impedance 

spectroscopy (EIS) was recorded at an AC voltage perturbation amplitude of 

10 mV over the frequency region from 100 kHz to 0.01 Hz in a potential region 

between 0 and 0.400 V vs Ag/AgCl (3.5M) in order to get a deeper understanding 

of the pre-treatment effects in the material (frequencies less than 0.1 Hz were not 

used in EIS spectra interpretation since it is not possible to ensure pure diffusion-

controlled conditions; see SI). All the electrochemical assays were performed 

using a VSP3 potentiostat (Biologic, France). The data analysis was carried out 

using the software associated with the equipment (EC-Lab® v11.33). The ohmic 

drop was compensated by a built-in method in the EC-Lab® software, based on 
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resistance determination through EIS. The reference electrode (RE) was a 

commercial Ag/AgCl (3.5M) (Sigma Aldrich). 

 
8.2.3. Reactors set-up and operation 

The bioelectrochemical experiments were carried out in three single-chamber 

microbial electrolysis cells named as Control, DMF and Acetone according to the 

anode pre-treatment applied. The reactor vessels consist in modified 500mL 

Duran® bottles, which allowed easy housing of the electrochemical apparatus. A 

three-electrode connection was used, establishing a working electrode (WE) 

potential of +0.1 V with respect to the RE. The counter electrode was a 2 x 2 cm 

square platinum mesh (Goodfellow, UK). The inoculation procedure consisted of 

mixing fluvial sediment, freshly obtained with growth medium, in a 1:5 volume 

ratio. The growth medium composition per litre was 0.87 g of K2HPO4, 0.68 g of 

KH2PO4, 0.25 g of NH4CL, 0.453 g of MgCl2·6H2O, 0.1 g of KCl, and 0.04 g of 

CaCl2·2H2O. A trace mineral solution at 10 mL, and vitamins at 1 mL, as reported 

by del Pilar Anzola Rojas et al. (del Pilar Anzola Rojas et al., 2018), was added 

to the medium. The mineral solution composition is detailed by Marshall et al. 

(Marshall et al., 2012). Sodium acetate was added to the mixture as a carbon 

source to reach a final concentration of 6.1 mM in the start-up cycle. The reactors 

were kept at room temperature (22 ± 2 ºC). Feeding was done by adding sodium 

acetate to achieve a 10 mM concentration in the medium (except in the start-up 

cycle) when the current dropped below 10% of the maximum value. The 

colonised electrodes were maintained for 60 days in the described growing 

conditions before starting the analyses of this study. 

8.2.4. Microbial community analysis 

In order to study the microbial community attached to the electrodes, three 

samples were obtained from the electrodes (Acetone, DMF and Control). 

Genomic DNA from these electrodes was extracted with the PowerSoil® DNA 

Isolation Kit (MoBio Laboratories Inc., Carlsbad, CA, USA), following the 

manufacturer’s instructions. The entire DNA extract was used for the 

pyrosequencing of the 16S-rRNA gene-based massive library, targeting the 

eubacterial region V1-V3 16S-rRNA and performed at MR DNA 
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(www.mrdnalab.com, Shallowater, TX, USA) utilising MiSeq equipment (Illumina, 

San Diego, CT, USA). The primer set used was 27Fmod (5′-

AGRGTTTGATCMTGGCTCAG-3′) /519 R modBio (5′-

GTNTTACNGCGGCKGCTG-3′). Diluted DNA extracts were used as a template 

for PCR reactions. The obtained DNA reads were compiled in FASTq files for 

further bioinformatics processing. Trimming of the 16S-rRNA bar-coded 

sequences into libraries was carried out using QIIME software version 1.8.018. 

Quality filtering of the reads was performed at Q25 quality prior to grouping into 

Operational Taxonomic Units (OTUs) at a 97% sequence homology cut-off. The 

following steps were performed using QIIME: a denoising procedure by using a 

denoiser algorithm19. Final OTUs were taxonomically classified using BLASTn 

against a database derived from the Ribosomal Database Project II (RDPII, 

http://rdp.cme.msu.edu) and the National Centre for Biotechnology Information 

(NCBI, www.ncbi.nlm.nih.gov). 

8.2.5. Scanning electron microscopy 

The surface appearance of treated and untreated material was examined by 

scanning electron microscopy (SEM). The equipment was a JEOL JSM-6480LV 

microscope. Prior to observation of the microstructure by SEM, the electrodes 

were sprayed with a thin layer of gold with a Leica EM ACE600 equipment. 

8.3. RESULTS AND DISCUSSION 
8.3.1. Abiotic electrodes characterisation 

The objective of abiotic characterisation is to verify that the pre-treatment 

procedure has worked. The results from CV (Fig. 8.2) and EIS (Fig. 8.3) in K3Fe 

(CN)6 solution (peak current and peak separation) led to the discarding of the 

electrochemical activation mode in the explored conditions and the non-treated 

electrodes. Although the use of the Fe(CN)6]4–/3–  pair to evaluate electrode 

activity is not directly transferable to other electrochemical systems, it provides 

an initial assessment, as has been done in other studies in the 

bioelectrochemistry field (Alonso et al., 2017; Mateos et al., 2017; Yuan et al., 

2019). In accordance with Gusmão et al. (Gusmão et al., 2019), we observed that 

the pre-treatment greatly affects the electrochemical properties of the material. 

http://www.ncbi.nlm.nih.gov/
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This result reveals that the acetone pre-treatment promoted a faster 

heterogeneous electron transfer rate than the DMF treatment (ΔE=0.500 V 

against 0.758 V), caused by differences in electrocatalytic capacity. To obtain a 

more detailed knowledge of the consequences of the pre-treatment in the 

material, an EIS-based analysis was carried out on the same solution used in the 

CV tests for the Fe(CN)6]4–/3–  pair. The Nyquist plots (Im vs Re) obtained for a 

0.250 V vs Ag/AgCl (3.5 M) WE potential are shown in Fig. 8.3. A characteristic 

semicircle-like pattern, attributable to the impedance associated with the charge 

transfer process, is observable for the DMF and acetone electrodes in the high 

frequency region (see Fig. 8.3, inset), indicating that the oxidation reaction was 

kinetically limited for this WE potential (Rct=313 Ω for DMF and 238 Ω for acetone, 

where Rct is the charge transfer resistance). It is interesting to note that, in the 

case of the electrode pre-treated with acetone, the "semicircle" is depressed, 

which is probably indicative of a pseudo-capacitive behaviour, the electrode 

treated with DMF being closer to an ideal capacitive behaviour. The untreated 

(control) and electrochemical-activated electrodes showed much more elevated 

charge transfer impedances, pointing to a poor electrochemical performance.   

 

Fig. 8.2. CV recorded for the redox couple Fe(CN)6]4–/3– at 2 mV·s-1. The electrochemical 

performance of the different activation methods can be compared. 
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Fig. 8.3. Nyquist plots from EIS experiments carried out at 0.250 V vs Ag/AgCl (3.5M). 

The impedance spectra from different pre-treatments can be compared. The inset shows 

a detail from the high frequency region. 

8.3.2. Colonised bioelectroanalytic electrodes 

Once an exoelectrogen biofilm was developed on the acetone and DMF cells, an 

analysis was carried out to shed light on the biofilm electron transfer ability (Zhu, 

Yates and Logan, 2012) and the electrochemical peculiarities of the 

PLA/graphene electrode-biofilm ensemble. The grade of biofilm development 

was assessed by current stability, the stable current density being 5.2 Am-2 for 

the acetone cell and 4.8 Am-2 for the DMF cell across the cycles (see Appendix 

C, Fig. C1). The electrochemically pre-treated electrode was not colonised and 

the control barely manifested current (in no case was it stable). First, a CV 

experiment was performed under non-limiting substrate conditions (33 mM 

acetate) (Esteve-Núñez et al., 2005). The results from the CVs at 0.1 mVs-1 scan 

rate are shown in Fig. 8.4. The current of the control cell was negligible, while the 

oxidative activity of the acetone and DMF electrodes was clear. The shape of the 

voltammogram associated with the acetone cell bioanode clearly followed a 

sigmoid, presenting a flat activation region (-1.000 to -0.500 V), a linear zone (-

0.500 to +0.035 V) and an incipient “plateau”, caused by the mass transfer 

limitation. In the DMF electrode, a peak can be observed (+0.244 V). We 



 

132 

 CHAPTER 8 

hypothesise that the cause of the peak appearance was a hindered oxidation 

product diffusion (probably protons) (Popat and Torres, 2016). This fact, coupled 

with the greater "thickness" of the record in the non-faradaic zone (-1.000 to -

0.500 V), suggests that the DMF pre-treatment generates an electrode/biofilm 

structure with a larger electrical capacity that could hinder the diffusion of species 

through the biofilm (acetate or ionic-transport of protons). This phenomenon 

could be the cause of the apparent hysteresis shown by the DMF electrode 

(difference between anodic and cathodic scans), which is frequently attributed to 

electrode double-layer capacitance (Richter et al., no date). The study of the 

voltammetric signal under non-turnover (Fig. 8.5) conditions allows the detection 

of the most relevant redox system, responsible for the acetate oxidation in the 

PLA/graphene colonised electrodes (Yoho et al., 2015). The half-wave potential 

assigned to the electrodes was -0.310 V, -0.364 V and -0.376 V for the acetone, 

DMF and control treated electrodes respectively. These values are in accordance 

with the mean redox system related with Geobacter sp. biocatalytic activity (see 

microbial analysis results) described in the literature (Liu et al., 2008; Marsili et 

al., 2008; Reguera and Kashefi, 2019), and also associated with mixed anodic 

consortia (Liu et al., 2008; Liu, Deng and Lan, 2015), which have shown higher 

current densities than pure culture biofilms. 

 

Fig. 8.4. Results from CV performed at 0.1 mV·s-1 scan rate under turnover conditions. 
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Fig. 8.5. Results from CV performed at 0.1 mV·s-1 scan rate under starving conditions. 

8.3.3. Microbial community analysis 

The analysis of the taxonomic composition of the anodic biofilms of the three 

electrodes (control, DMF and acetone) reaffirms the conclusions regarding the 

exoelectrogenic activity deduced from the bioelectrochemical analysis (see 

previous section). The genus Geobacter, recognised as an exoelectrogen 

(Reguera and Kashefi, 2019), was found in all three biofilms. Its relative 

abundance was much higher in the communities coming from the electrodes 

submitted to activation pre-treatment (control 4.9%, DMF 33.4%, acetone 52%), 

confirming the relevance of pre-treatment for the use of PLA/graphene in 

bioelectrochemical systems. The results point to an inverse relationship between 

the diversity and the electrochemical activity of the biofilms, showing an expected 

selection process, in which diversity was lost in terms of the number of taxa, but 

richness was gained in electroactive genera (Li et al., 2020). 
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Fig. 8.6. Taxonomic classification at genus level for the three samples. The genera 

represented by less than 1% of relative abundance have been grouped in "others”. 

8.4. CONCLUSIONS 
This study demonstrates the suitability of PLA/graphene, a material used in FDM, 

as electrode for METs. The previous activation of PLA/graphene has been proved 

to be essential. Among the procedures of activation, DMF and acetone 

treatments showed comparable performance, with a slight advantage in the 

acetone pre-treatment’s bioelectrochemical activity. The analysis of microbial 

communities using the material as bioanode showed a selective enrichment in 

the genus Geobacter, a well-known exoelectrogen, in PLA/graphene electrodes 

treated with DMF and acetone. The maximum current density reached was 

approximately 5 Am-2, enabling the PLA/graphene to be considered as a 

promising material for innovative electrode design which could open new 

application possibilities for METs. 
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9.1. CONCLUSIONS 

This thesis has successfully applied exoelectrogenic processes for the anodic 

oxidation of certain organic compounds, in some cases using modified electrodes 

to increase efficiency. During the search for these applications of biofilms, some 

gaps in knowledge were found which have been addressed, leading to interesting 

conclusions.  

1. The metabolic interactions related with anodic propionate degradation in 

a hybrid anaerobic digestion/microbial electrochemical technology reactor 

has been revealed. Geobacter genus bacteria, acting in syntrophy with 

other genera such as Syntrophus, has shown its fundamental role in the 

anodic process while methanogenic archaea using the hydrogenotrophic 

route are the major contributors to methane production. The use of a pre-

enriched inoculum, compared to anaerobic sludge, allowed for a faster 

start-up of the AD-MET system. However, the anaerobic sludge proved to 

be more resilient in the long term. MET proved to improve methane 

production and ameliorate propionate accumulation, but it is still necessary 

further research to assess the global energy advantage of the hybrid 

system. 

2. The proliferation and biocatalytic activity of Geobacter based biofilms 

depends on the anaerobic microenvironment provided by aerobic 

microorganism and the influence of porous structures of the electrode 

material which could channel dissolved oxygen. This study confirms the 

tolerance of exoelectrogenic biofilms to oxygen during short starvation 

periods. 

3. A single-step GO electroreduction procedure for MET electrode 

modification was developed. The electroanalytic essays revealed that the 

deposited graphene enhanced the heterogeneous electron transfer 

between electroactive probe species and the electrode. When operated as 

bioanode in a MET, the GO modified electrode accelerated the start-up 

and current stabilisation periods. Overall, the electrode modification 

seems to facilitate the formation of a robust biofilm and a selective 

enrichment in the exoelectrogenous genus Geobacter. 
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CONCLUSIONS 

4. The biotoxicity of MBT-contaminated streams can be reduced in a 

biocatalytic oxidation process in a microbial electrolysis cell. The 

experiments also concluded that graphene-modified anodes can 

accelerate the MBT-degradation, which seems linked to the greater 

diversity promoted by the modified electrodes. 

5. The suitability of PLA/graphene as electrode for METs had been proven, 

being the previous activation of the material an essential step. Among 

activation procedures, DMF and acetone treatments showed comparable 

performance, with a slight advantage in the acetone pre-treatment’s 

bioelectrochemical activity. The analysis of microbial communities using 

this material as bioanode showed a selective enrichment in the genus 

Geobacter, a well-known exoelectrogen. The maximum current density 

reached was approximately 5 Am-2, enabling the PLA/graphene to be 

considered as a promising material for innovative electrode design which 

could open new application possibilities for METs. 

9.2. FUTURE WORK 

The study of exoelectrogenic biofilms applications has reached a stage of 

maturity that allows us to distinguish the most promising lines of research, as well 

as the limiting aspects of this technology. Complementing anaerobic digestion 

through METs appears to be a viable strategy to improve the energy balance, but 

the development of a robust link between electricity grids and METs is particularly 

urgent. Control strategies for METs, focused on the use of fluctuating electricity, 

are a necessary step to achieve synergistic linkages between waste 

management and energy transmission networks (power and gas). On the other 

hand, the use of new materials for electrodes opens up new research 

opportunities. A future line of work is to go beyond the modification with graphene 

oxide and to introduce, on the basis of this modification, other substances (e.g. 

transition metals) which selectively enhance bioelectrocatalysed reactions. Also 

within the use of new materials, the use of additive manufacturing of electrodes 

with desirable hydrodynamic characteristics with conductive polymers is being 

explored (Figure 9.1). 
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    CHAPTER 9 
 

 

Figure 9.1. Schematic of a reactor which takes advantage of 3D-printed elements (A). 
Detail of 3D-printed like-funnel baffle and current collector (B). Suspended 
PLA/graphene particles (C). 
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    APPENDIX A 

SUPPLEMENTARY INFORMATION FOR CHAPTER 4 
 
 
A1. Microbial community analysis  
 
 

Tab.A1. Richness and diversity index for the 12 samples (eubacteria). 

  Reads 

 
Observed 

OTUS CHAO1 ACE Shannon Inverse Simpson Good`s Coverage 

Electrode 1 34595 238 285.52 285.40 2.88 7.018 0.998 

Broth 1 21841 226 306.16 314.58 2.91 8.90 0.997 

Broth2 37300 258 324.5 335.53 1.13 1.53 0.998 

Anode 3 28136 344 431.55 442.97 2.99 7.405 0.997 

Cathode 3 32508 305 378.14 389.51 2.63 7.011 0.997 

Broth 3 42773 251 357.33 351.43 1.73 3.77 0.998 

Anode 4 35355 267 352.024 385.40 1.31 1.76 0.998 

Cathode 4 21183 334 445.057 457.023 2.64 5.17 0.995 

Broth 4 25026 189 256.2 261.81 2.49 6.88 0.997 

Anode 5 19825 203 361.00 316.27 2.48 5.42 0.996 

Cathode 5 30261 282 373.07 398.34 2.97 10.104 0.997 

Broth 5 40650 178 320.059 278.97 1.31 1.77 0.998 

 

 Tab.A2. Richness and diversity index for the 12 samples (archaea). 

  Reads 

 
Observed 

OTUS CHAO1 ACE Shannon Inverse Simpson Good`s Coverage 

Electrode 1 70397 20 20.5 21.18 1.19 2.41 >0.999 

Broth 1 69965 24 30 29.71 1.46 2.85 >0.999 

Broth2 48611 23 29 26.76 1.62 3.53 >.999 

Anode 3 74623 18 18 19.18 1.26 2.67 >0.999 

Cathode 3 60959 19 20.5 26.77 1.37 3.17 >0.999 

Broth 3 45372 21 21 21.49 1.44 2.87 >0.999 

Anode 4 47005 24 25.5 25.93 1.707 4.74 >0.999 

Cathode 4 70994 24 24.2 24.96 1.14 2.33 >0.999 

Broth 4 81915 26 36 31.66 1.44 2.99 >0.999 

Anode 5 42672 13 13 13.75 1.22 2.72 >0.999 

Cathode 5 79878 12 13 13.98 0.85 1.82 >0.999 

Broth 5 75899 18 19 19.36 1.055 2.26 >0.999 
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Fig.A1. Rarefaction curves of eubacterial number of operational taxonomic units (OTUs) 

obtained from high throughput sequencing results. 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 7 

B.1. GO electrodeposition 

 

Figure B1. Cyclic voltammetry curves obtained during 16 cycles of simultaneous 

reduction/electrodeposition electrode modification procedure. 

The procedure of electrodeposition by means of cyclic voltammetry allows to 

observe an increase of the specific capacity of the electrode in the non-faradic 

region of the voltammogram (Figure B1). However, to further clarify this point the 

authors provide SEM images (Figure B2) and a check of the change of 

electrochemical properties against the couple [Fe(CN)6]4−/[Fe(CN)6] (Figure B3). 
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Figure B2. SEM images of electrode fibres, left unmodified and right GO modified 

(magnification X2500) 

 

Figure B3. Cyclic voltammetry performed at a scan rate of 20 mV·s−1 in 3.4 mM 

K3Fe(CN)6 and 0.1 M KCl as supporting electrolyte for the unmodified and GO 

electrodes. 
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B.2. Main products observed for different samples (main 
peaks), in ESI+ and ESI- modes. 
Table B1. Main products identified upon transformation of MBT: mass-to-charge ratio 

(m/z), chemical structure, and products observed in ESI+ (+) and ESI− (−) for MEC-GO, 

MEC-UN, and MEC-OC 
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Table B2. Main products observed for inlet in ESI+ 

 

 

 

Table B3. Main products observed for MEC-GO in ESI+ 
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Table B4. Main products observed for MEC-UN in ESI+ 

MEC-UN, ESI + 
7.5 h 15 h 30h 50 h 

S

N

SH

 
S

N

SH

 
S

N

SH

 
S

N

SH

 
S

N

SO3H

 
S

N

SO3H

 
S

N

SO3H

 
S

N

SO3H

 
S

N

SO3H

 
S

N

SO3H

 
S

N

SO3H

 
S

N

SO3H

 
SO3H

 

SO3H

 

SO3H

 

SO3H

 
SO3H

OH  

SO3H

OH  

SO3H

OH  

SO3H

OH  

NH
O

 NH
O

 NH
O

 NH
O

 
   S

N

S

N  
   S

N

S

N

HO

 

HS

O

SH  HS

O

SH  HS

O

SH  HS

O

SH  
 

Table B5. Main products observed for MEC-OC in ESI+ 
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Table B7. Main products observed for MEC-GO in ESI- 
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Table B8. Main products observed for MEC-UN in ESI- 
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Table B9. Main products observed for MEC-OC in ESI- 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 8 

 

 

Figure C1. Current density registered during the experiments. Two feeding cycles are 

shown. 

Electrochemical Impedance Spectroscopy Analysis (EIS) 

The EIS spectra obtained during the abiotic characterization of the 

PLA/Graphene electrodes (Figure 8.3) were fitted to equivalent circuits to 

facilitate the interpretation of the results. Two equivalent circuits (EC) have been 

proposed. Circuit 1 (Fig. C1 1)) has proved to be useful in the modelling of 

successfully activated electrodes (DMF and acetone). The main characteristics 

of the spectra can be explained using a modified pore model version. In this 

model the impedance of the pore wall is modelled by a charge transfer resistance 

(R2), a Warburg impedance (W2) and a constant phase element (Q2) accounts 

the pseudo-capacitive processes that occur at the electrode-electrolyte interface. 

Table B1 summarizes the fitted parameters to EC 1. The parameter a2 allows to 

compare the near capacitive behavior of DMF electrode in contrast to the pseudo-

capacitive behaviour of acetone electrode (a2=1 in an ideal capacitor). 

EC 2 has served as model from control and electrochemical-treated electrodes. 

Its elements respond to the modelling of two different pseudo-capacitive 

processes, perhaps because they occur at two different spatial scales. 
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The impedances of constants phase elements were adjusted to the expression: 

𝑍𝑍𝑄𝑄 =
1

𝑄𝑄𝜔𝜔(𝑗𝑗𝜔𝜔)𝑎𝑎
 

Where Q is the pseudocapacitance (F.sa-1), j the imaginary unit, ω is the angular 

frequency (s-1) and a is an empirical dimensionless parameter (0 for a resistor 

and 1 for an ideal capacitor). 

The impedance of Warburg element is described by: 

𝑍𝑍𝑊𝑊 =
𝑆𝑆

�𝑗𝑗𝜔𝜔
 

Where S is in (Ω.s-1/2), j the imaginary unit, ω is the angular frequency (s-1). 

Table C1: Fitted parameters to EC 1 (DMF and acetone electrodes) 

Electrode Equivalent 
circuit R1 (Ω) R2 (Ω) Q2 (F.sa-1) a2 S2 (Ω.s-1/2) 

DMF (1) 14.5 313.8 5.38x10-4 0.907 23.38 
Acetone (1) 23.6 238 1.04x10-4 0.623 9.81 

 

Table C2: Fitted parameters to EC 2 (control and electrochemical-treated electrodes) 

Electrode Equivalent 
circuit 

R1 
(Ω) R2 (Ω) R3 (Ω) Q2  

(F.sa-1) a2 Q3  
(F.sa-1) a3 

Control  (2)  25.8  119.6  13921  7.4x10-5 0.45   1.2x10-4 0.57  

Electrochemical  (2) 23.5 80.3   1205  8.7x10-6 0.73  1.12x10-3  0.612  
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Figure C2. Equivalent circuits for abiotic electrode essays´ modellization.1) DMF and 

acetone 2) Control and electrochemical treatment. 

 

Scanning electron microscopy (SEM) 

 

Figure C3. SEM images from PLA/Graphene electrodes (A) Control (B) DMF (C) Acetone 
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Biopelículas exoelectrógenas 

Los microorganismos exoelectrógenos se caracterizan por su capacidad de 

transferir electrones a un aceptor externo (ácidos húmicos, óxidos metálicos, 

nitrato, fumarato, etc) como resultado de su catabolismo (Reguera y Kashefi, 

2019). Esta sorprendente capacidad, que presentan fundamentalmente las 

bacterias, supone una ventaja adaptativa para seres vivos que sobreviven en 

nichos ecológicos en los que existe falta de aceptores de electrones, 

particularmente de oxígeno. (Logan et al., 2019). 

Esta “deslocalización” del metabolismo hacia el exterior de la célula (figura 1), 

se encuentra frecuentemente asociada con una forma de crecimiento 

bacteriano denominada biopelícula, dado que los anteriormente mencionados 

ambientes poco oxigenados pueden ser sedimentos o suelos no aptos para 

la proliferación de los microorganismos como células libres. Aunque los 

microorganismos exoelectrógenos (y de forma más general, los 

microorganismos electroactivos) pueden vivir como células planctónicas, es 

más fecuente encontrarlos formando biopelículas, tanto en la naturaleza 

como en las aplicaciones tecnológicas (Reguera y Kashefi, 2019). 

Aunque hemos comenzado partiendo de la idea de las biopelículas 

exoelectrógenas como una agrupación específica de exoelectrógenos, en 

realidad las biopelículas consisten en ecosistemas complejos en los que 

existe una intrincada red metabólica interdependiente. A menudo los 

exoelectrógenos son únicamente el último eslabón de la red y es necesario 

rastrear el flujo de electrones para entender el funcionamiento de estas 

comunidades microbiológicas. La asociación de organismos 

taxonómicamente diferentes en la misma biopelícula exoelectrógena no sólo 

conlleva relaciones metabólicas sinérgicas (Freguia et al., 2008), sino que 

además se traduce  en la creación de microambientes en los cuales las 

condiciones físico-químicas permiten la supervivencia de organismos que no 

proliferarían en las condiciones “generales” a las cuales está expuesta toda 

la comunidad (Yan et al., 2020). 
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Este hecho es relevante en muchas aplicaciones de los sistemas 

bioelectroquímicos donde las biopelículas pueden estar ocasionalmente 

expuestas al aire, y por lo tanto al oxígeno. El capítulo 5 aborda este aspecto 

estudiando los mecanismos que permiten el desarrollo de exoelectrógenos 

anaeróbicos en biopelículas expuestas al aire. 

 

Figura 1. Comparación entre el metabolismo convencional y el exoelectrógeno. 

 

La aplicación de las biopelículas exoelectrógenas: Los 
sistemas bioelectroquímicos 

Aunque la relación entre la electrofisiología y la respiración de la microbiota se 

remonta a 1911 (Potter y Waller, 1911), la aplicación tecnológica de este 

fenómeno es mucho más reciente y marcó el nacimiento de los sistemas 

bioelectroquímicos (Berk y Canfield, 1964). Los sistemas bioelectroquímicos 

(BES, por sus siglas en inglés) pueden entenderse como celdas electroquímicas 

en las que los microorganismos electroactivos (que suelen formar biopelículas) 

actúan como bioelectrocatalizadores. Por tanto, para entender los BES es 

necesario conocer previamente qué es una celda electroquímica y la importancia 

de la catálisis en su funcionamiento. Una definición general de celda 

electroquímica podría resumirse como “un dispositivo capaz de generar energía 

eléctrica a partir de reacciones químicas o de utilizar la energía eléctrica para 
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inducir reacciones químicas”. Esta definición apunta hacia una primera 

clasificación de las celdas electroquímicas (y, por tanto, de los BES): si la 

reacción global en la celda hace fluir una corriente eléctrica, la reacción es 

espontánea y la celda se denomina galvánica. En cambio, cuando la reacción 

necesita la aplicación de un potencial eléctrico, la reacción es no espontánea, y 

la celda se denomina electrolítica. En ambos casos, la energía de los electrones 

que fluyen (la corriente) depende de una magnitud llamada potencial de celda, 

que está directamente relacionada con la fuerza motriz del proceso químico 

global. En este punto, es esencial indicar la fuente de los electrones que fluyen. 

Provienen de una especie química que se oxida (pierde electrones) y van a otra 

especie que se reduce (gana electrones) a través de un circuito externo. Los 

procesos parciales de reducción y oxidación se denominan semirreacciones y su 

ocurrencia está condicionada por los potenciales de semirreacción que 

conforman el potencial global de la celda. La transferencia de electrones de los 

reactivos al circuito externo y viceversa en ambas semirreaciones puede ser 

facilitada por ciertos materiales, los electrocatalizadores, que por tanto influyen 

directamente en la cinética de estas reacciones. Aprovechando el claro 

paralelismo entre los BES y las celdas electroquímicas convencionales, es 

posible entender la aplicación de los bioelectrocatalizadores, que permiten que 

las reacciones redox se produzcan a potenciales más favorables, haciendo que 

ciertos procesos electroquímicos sean energéticamente ventajosos. Esta tesis 

se dedica principalmente al estudio de las reacciones oxidativas biocatalizadas, 

por lo que los procesos que se analizarán son aquellos que implican la 

transferencia de electrones a los electrodos (los elementos sólidos que delimitan 

el circuito eléctrico externo). Estos electrodos se denominan ánodos, y el término 

bioánodos se refiere a los ánodos biocatalizados en el contexto de los BES. De 

nuevo, teniendo en cuenta la clasificación convencional de las pilas 

electroquímicas en galvánicas y electrolíticas, podemos hacerlas corresponder 

con las formas de funcionamiento de los BES. Las pilas de combustible 

microbianas (MFC, por sus siglas en inglés), en las que se utiliza una reacción 

espontánea para producir energía eléctrica, y las celdas de electrólisis 

microbiana (MEC, por sus siglas en inglés), en las que la energía eléctrica se 

transforma en productos útiles 
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(Schröder, Harnisch y Angenent, 2015). Los experimentos que han dado lugar a 

la redacción de esta tesis se han realizado operando las celdas o reactores como 

MEC. 

Figura 2 Principio de funcionamiento de los BES. Los microorganismos electroactivos 

catalizan la oxidación de la materia orgánica, transfiriendo los electrones obtenidos al 

ánodo. Posteriormente, los electrones son transportados al cátodo a través del circuito 

externo. Si la celda es galvánica, el circuito consiste en una carga eléctrica (MFC). Si la 

reacción es no espontánea, entonces es necesaria una fuente de energía (MEC). En 

ambos casos, los protones migran del ánodo al cátodo para realizar reacciones de 

reducción (por ejemplo, evolución del hidrógeno o formación de agua) 

 

La búsqueda del rendimiento mediante la utilización de 
electrodos mejorados 

La aplicación de biopelículas exoelectrogénicas en los BES (explicada 

brevemente en la sección anterior) puso de manifiesto la importancia de los 

elementos sólidos (los electrodos) sobre los que proliferan las biopelículas (es 

decir, el bioelectrocatalizador) y a los que transfieren la corriente electrónica. La 
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mejora del rendimiento de los BES depende de la capacidad o tasa de 

transferencia de electrones de la biopelícula al electrodo, que se refleja en la 

densidad de corriente. Este aspecto ha dado lugar a un activo campo de 

investigación interdisciplinar en la búsqueda de nuevos materiales para 

electrodos, o la modificación de los existentes, centrándose no sólo en los 

propios materiales, sino también en su relación con los microorganismos que 

crecerán sobre ellos (Chiranjeevi y Patil, 2020). Dos de los capítulos de esta tesis 

están dedicados a este campo, el capítulo 7, que persigue una modificación 

electroquímica de un material de electrodo comúnmente utilizado en los BES, y 

el capítulo 8, que estudia la viabilidad de un polímero para la fabricación de 

electrodos enfocados al desarrollo de sistemas bioelectroquímicos. 

 

EL PAPEL DE LOS SISTEMAS BIOELECTROQUÍMICOS EN LA 
GESTIÓN SOSTENIBLE DE RESIDUOS 

Mejora bioelectroquímica de la digestión anaerobia 

La digestión anaerobia y los sistemas bioelectroquímicos suelen considerarse 

tecnologías competidoras en el ámbito de la valorización energética de los 

residuos orgánicos. Sin embargo, en algunas circunstancias también pueden 

considerarse tecnologías colaboradoras (Escapa et al. 2016). La figura 3 ofrece 

una visión global de las posibilidades de integración de los BES en la digestión 

anaerobia. Entre estas opciones, la integración de una MEC dentro de un 

digestor podría promover la producción de biogás y la riqueza en metano de la 

mezcla (Geppert et al. 2016), estabilizando el proceso de digestión a través del 

reatrdo en la acumulación de ácidos grasos volátiles (Moreno et al. 2018). Otro 

aspecto positivo es que los BES pueden integrarse con relativa facilidad en 

digestores anaerobios operativos (Bo et al. 2014) ofreciendo varias alternativas 

en este sentido (Beegle y Borole 2017). En esta tesis se ha ensayado una 

integración directa, centrada en la mitigación de la acumulación de propionato 

(capítulo 4). En este contexto, los BES también puede servir de enlace entre la 

industria química y la eléctrica, abriendo nuevas e interesantes oportunidades 

para ambos sectores. La creciente proporción de generación renovable en el mix 

eléctrico y su naturaleza intermitente pueden ser una fuente de problemas de 
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estabilidad de la red derivados de un desajuste entre la carga y las fuentes 

generadoras (por ejemplo, las fluctuaciones en la generación de energía 

renovable). En este caso, los BES pueden convertirse en una alternativa a las 

tecnologías de almacenamiento de energía convencionales, proporcionando un 

medio para almacenar el excedente de energía como gas combustible (CH4) 

(Moreno et al. 2016). 

 

Figura 3. Posibilidades de integración de los BES en los procesos de tratamiento de 
aguas residuales. En esta tesis, el capítulo 4 trata de la integración directa de un BES 
en un digestor anaerobio. 

 

Los sistemas bioelectroquímicos en la biorremediación 

Las BES se han propuesto como una tecnología de biorremediación versátil para 

una amplia gama de contaminantes ambientales, ya que en cada electrodo 

pueden producirse gran cantidad de semirreacciones (Wang et al., 2020). Una 

de las primeras aplicaciones de los BES a la biorremediación fue la reducción 

del U(VI) a U(IV) (menos soluble y, por tanto, menos peligroso para el medio 

ambiente) en las aguas subterráneas, utilizando compuestos orgánicos como 

donantes de electrones (Gregory y Lovley, 2005). Siguiendo este espectacular 

punto de partida, otros estudios han investigado la posibilidad de utilizer los BES 

para reducir otras especies (perclorato, Cd, Pb, Hg y Cr) a formas menos 

peligrosas (Wang et al., 2020), frecuentemente con una recuperación colateral 
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de recursos (Modin et al., 2012; Wang y Ren, 2014) que podría mejorar la 

viabilidad económica del tratamiento. 

Respecto a los procesos de biorremediación oxidativos, que ocurren en 

bioánodos, se ha ensayado la degradación de una importante variedad de 

contaminantes (hidrocarburos (Mohanakrishna, Al-Raoush y Abu-Reesh, 2020), 

BTEX (Yang et al., 2020), moléculas de uso farmacéutico (Syed et al., 2021) y 

otros contaminantes de bajo potencial de oxidación) 

En este sentido, se están implantando los primeros sistemas de biorremediación 

a escala piloto, que aprovechan los gradientes redox entre las zonas oxigenadas 

y anóxicas de los humedales para promover la oxidación de contaminantes 

orgánicos (Wang et al., 2020). La aplicación de los BES a una mayor variedad 

de contaminantes y, sobre todo, su incipiente implantación a mayores escalas, 

está señalando la importancia de encontrar materiales de electrodos de alto 

rendimiento y fácilmente disponibles. En esta tesis se ha explorado la viabilidad 

de la degradación bioelectroquímica del 2-mercaptobenzotiazol en una MEC 

(capítulo 6), utilizando el procedimiento de modificación de electrodos 

presentado en el capítulo 7 como recurso para aumentar el rendimiento del 

proceso. 

OBJETIVOS DE LA TESIS 

El objetivo principal de esta tesis es ampliar el espectro de aplicación de las 

biopelículas exoelectrogénicas, superando las limitaciones específicas 

relacionadas con los procesos bioanódicos. Para conseguir este objetivo 

principal, se han propuesto los siguientes objetivos específicos 

1. Arrojar luz sobre las interacciones metabólicas que conducen a la degradación 

bioanódica del propionato en un reactor híbrido de digestión anaerobia 

combinada con sistemas bioelectroquímicos. 

2. Dilucidar la estructura y el rendimiento de una biopelícula electrogénica que 

se desarrolla en electrodos de fieltro de carbono expuestos al aire, comúnmente 

utilizados en sistemas bioelectroquímicos. 



 
 

166 
 

RESUMEN GLOBAL 

3. Desarrollar un método eficaz de electrodeposición de óxido de grafeno sobre 

un electrodo de carbono, estudiando la aptitud de este electrodo modificado 

como soporte para el crecimiento una biopelícula exoelectrogénica. 

4. Investigar el mecanismo de degradación del MBT en las biopelículas anódicas, 

evaluando la mejora del rendimiento de los electrodos modificados con grafeno. 

5. Realizar una prueba de concepto de los electrodos de PLA/Grafeno impresos 

en 3D como soporte para el crecimiento de biopelículas anódicas. 

METODOLOGÍA 

El desarrollo de cualquier experimento en el campo de las tecnologías 

electroquímicas microbianas implica inevitablemente la implicación de tres áreas 

de conocimiento: la microbiología, la electroquímica y la ingeniería en su 

concepción más general. En esta breve exposición de la metodología 

experimental y los materiales asociados a la misma, se parte de los reactores 

utilizados y sus diferentes escalas hasta las técnicas analíticas necesarias, 

pasando por los inóculos utilizados para el desarrollo de las biopelículas 

exoelectrogénicas y los sustratos que les permiten realizar su metabolismo. 

Los reactores bioelectroquímicos utilizados a lo largo de esta tesis han tenido 

configuraciones heterogéneas según las necesidades experimentales. Una 

característica común a todos los experimentos ha sido el uso de reactores 

monocamerales (sin membrana). En este resumen global se pretende ofrecer 

una visión comparativa general, especialmente en términos de escala (que va 

desde 50 mL a 4 L). 

Los cinco reactores utilizados en el capítulo 4 tienen una configuración similar 

Consisten en recipientes cilíndricos de metacrilato de 4 L, y suponen la escala 

experimental mayor de esta tesis. Los electrodos (tanto el ánodo como el cátodo) 

están formados por barras de grafito y la celda sigue una disposición de dos 

electrodos (se utilizó un electrodo de referencia sólo para la medición de 

potenciales de semirreacción). 
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En el capítulo 5, se utilizó una celda fabricada a medida, diseñada 

específicamente para facilitar la medición con microelectrodos. El volumen total 

fue de 50 mL, y la conexión eléctrica seguía un esquema de tres electrodos. 

El experimento del capítulo 6 se realizó en MEC construidas modificando 6 

botellas Duran® de 250 mL. La conexión de la celda se hizo en modo de dos 

electrodos. 

La MEC utilizada en el capítulo 7 se construyó con policarbonato mecanizado 

para lograr una cámara cilíndrica con un volumen de 50 mL. La conexión de la 

celda se realizó en modo de dos electrodos. 

Los 3 reactores utilizados en el capítulo 8 consistieron en botellas Duran® 

modificadas de 500 mL que permitieron una alojar fácilmente el instrumental 

electroquímico. Se utilizó una conexión de tres electrodos. 

El sustrato ha sido variable a lo largo de los experimentos, pero en todos los 

casos se utilizaron sustratos sintéticos (acetato de sodio y propionato de sodio). 

En cuanto a los inóculos utilizados, todos fueron de tipo ambiental, aunque a 

veces se utilizó un procedimiento de enriquecimiento previo. Las fuentes de 

inóculo fueron el digerido obtenido de la EDAR local y el lodo de un río cercano. 

 

INTEGRACIÓN DE TECNOLOGÍAS ELECTROQUÍMICAS 
MICROBIANAS CON LA DIGESTIÓN ANAEROBIA PARA 
ACELERAR LA DEGRADACIÓN DEL PROPIONATO 

El objetivo de este estudio es evaluar la integración de las tecnologías 

electroquímicas microbianas (MET) con la digestión anaeróbica (DA) para 

superar las limitaciones de la DA causadas por la acumulación de propionato. El 

estudio se centra en comprender hasta qué punto el inóculo influye en el 

comportamiento de los sistemas integrados (DA-MET) desde la perspectiva de 

la degradación del propionato, la producción de metano y la dinámica de la 

población microbiana. El montaje experimental comprendió cinco reactores 

geométricamente idénticos. Cada reactor consistió en una envolvente cilíndrica 
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de metacrilato con un volumen de líquido aproximado de 3,6 L y un espacio de 

cabecera de 400 mL. Cuatro de los reactores fueron equipados con seis barras 

de grafito extruido colocadas perpendicularmente en disposición hexagonal, 

cubriendo toda la altura de los reactores. La superficie total de las barras fue de 

aproximadamente 1200 cm2. Uno de los reactores se operó como un sistema de 

digestión anaerobia convencional y sirvió como control. Para garantizar que 

todos los reactores fueran hidráulicamente similares, las barras de este reactor 

fueron fabricadas de un material no conductor (nylon). Otro reactor se operó en 

modo de circuito abierto (es decir, no se aplicó ningún voltaje) mientras que los 

tres restantes, se operaron en modo potenciostático utilizando una fuente de 

alimentación programable que actuó también como sistema de adquisición de 

datos. Se utilizaron tres barras como ánodos y las otras tres como cátodos, como 

se indica en la figura 4, y se impuso un potencial aplicado de 1 V entre las barras 

anódicas y las catódicas. 

 

Figura 4. Configuración del reactor y distribución de los electrodos. Izquierda: vista 
frontal esquemática. Derecha: vista superior. 

 

Se utilizaron tres inóculos diferentes: dos procedentes de fuentes ambientales 

(lodos anaerobios y sedimentos fluviales) y otro de un consorcio electroactivo 

preenriquecido y adaptado específicamente a la degradación de propionato. En 
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contra de lo esperado, el reactor inoculado con el consorcio preenriquecido no 

fue capaz de mantener su buen rendimiento inicial a largo plazo, y la actividad 

bioelectroquímica colapsó tras tres meses de funcionamiento. Por el contrario, el 

reactor inoculado con lodo anaerobio, aunque necesitó un tiempo relativamente 

mayor para producir un nivel de corriente significativo, fue capaz de mantener el 

funcionamiento de la actividad electrogénica (0,8 A.m-2), así como la contribución 

positiva de la integración de DA-MET para hacer frente a la acumulación de 

propionato y para mejorar el rendimiento de metano (338 mL.gDQO-1). Sin 

embargo, también hay que destacar que desde un punto de vista puramente 

energético el balance del sistema DA-MET no fue favorable. 

 

CARACTERIZACIÓN DE BIOPELÍCULAS ANAEROBIAS QUE 
CRECEN EN BIOÁNODOS DE FIELTRO DE CARBONO 
EXPUESTOS AL AIRE 

El efecto de la exposición oxígeno de las biopelículas exoelectrógenas anódicas 

sigue siendo objeto de investigación, puesto que no se ha esclarecido el efecto 

de este agente sobre comunidades microbiológicas que se consideran 

fundamentalmente anaerobias. En este estudio, se intenta dilucidar la estructura 

y el rendimiento de biopelículas electrogénicas que se desarrolla en electrodos 

de fieltro de carbono expuestos al aire, comúnmente utilizados en sistemas 

bioelectroquímicos.  

Los experimentos se llevaron a cabo en una biopelícula que crecía en un 

electrodo de fieltro de carbono alojado en una celda de electrólisis microbiana 

monocameral especialmente diseñada para la utilización de los microelectrodos 

de medida de oxígeno (figura 5). Se utilizó un esquema de conexión de tres 

electrodos, estableciendo un potencial de electrodo de trabajo +0,1 V con 

respecto al electrodo de referencia. La alimentación se realizó en modo batch 

(es decir, sustituyendo todo el medio al principio de cada nuevo ciclo). El acetato 

de sodio se añadió para alcanzar una concentración de 10 mM en el medio. La 

biopelícula se mantuvo durante 60 días en las condiciones de cultivo descritas 

antes de iniciar los análisis de este estudio. 



 
 

170 
 

RESUMEN GLOBAL 

 

Figura 5. Montaje experimental: cámara (1), microposicionador de tres ejes (2), 
microelectrodo (3), conexiones al potenciostato (4), célula de metacrilato (5), 
contraelectrodo (CE; 6), adaptador RE (7), WE (8) y orificio de muestreo del 
microelectrodo (9). 

 

Registrando simultáneamente la densidad de corriente producida por el 

bioánodo y la concentración de oxígeno disuelto, tanto en el interior como en las 

proximidades de la biopelícula, fue posible demostrar el papel protector de una 

capa aeróbica presente en la biopelícula (formada principalmente por bacterias 

del género Pseudomonas) que impide que las bacterias electrogénicas (como 

Geobacter sp.) se expongan hasta niveles dañinos de oxígeno durante el 

funcionamiento normal del biorreactor. Una vez desactivada esta barrera 

protectora durante un largo periodo de tiempo, la capacidad catalítica de la 

biopelícula se vio gravemente afectada, confirmando la importancia de la película 

aerobia en la genercación de un microambiente anaerobio favorable a los 

exoelectrógenos. Además, nuestros resultados pusieron de manifiesto la 

importancia de la estructura porosa del material para la penetración del oxígeno 

en el electrodo. 
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DEGRADACIÓN DEL 2-MERCAPTOBENZOTIAZOL EN CÉLULAS 
DE ELECTRÓLISIS MICROBIANA: INTERMEDIARIOS, 
TOXICIDAD Y COMUNIDADES MICROBIANAS 

El compuesto 2-mercaptobenzotiazol (MBT) se ha detectado con frecuencia en 

aguas residuales y superficiales y es una amenaza potencial tanto para los 

organismos acuáticos como para la salud humana (se ha demostrado su 

potencial mutagénico). Este capítulo está dedicado a la investigación de las rutas 

que permiten la degradación del MBT en el ánodo de un sistema 

bioelectroquímico (BES) y las comunidades microbianas implicadas.  

Los experimentos se realizaron por duplicado en sistemas bioelectroquímicos 

operados como celdas de electrólisis microbiana, utilizándose un potencial 

aplicado de 1 V en un esquema de conexión a dos electrodos. La degradación 

del MBT en el ánodo de estas celdas se estudió bajo tres condiciones (por tanto, 

se utilizaron seis celdas). La primera condición implicaba el uso de electrodos 

modificados con grafeno y se llevó a cabo en dos celdas. El óxido de grafeno se 

electrodepositó sobre electrodos tipo “cepillo de carbono” mediante una serie de 

voltamperometrías cíclicas consecutivas entre -1,5 y 0,8 V frente a Ag/AgCl (3 

M) a una velocidad de barrido de 20 mVs-1. Para la segunda condición, se 

utilizaron como ánodos cepillos de carbono no modificados en dos reactores que 

fueron operados en condiciones de circuito abierto. Por último, se utilizaron dos 

reactores como controles en los que se utilizaron cepillos sin tratar. Las seis 

celdas se construyeron a partir de botellas Duran® modificadas de 250 ml. El 

ánodo y el cátodo se compusieron de cepillo de carbono y malla de acero 

inoxidable, respectivamente. Cada cepillo de carbono está formado por fibras de 

carbono distribuidas en un eje de alambre de titanio retorcido con una longitud 

de 3 cm y un diámetro exterior de 2 cm. La malla de acero inoxidable tenía una 

superficie proyectada de 15 cm2 (6 x 2,5 cm). El lodo de río (obtenido del río 

Porma) se utilizó como fuente de inóculo para todos los reactores y se diluyó en 

medios de cultivo antes de ser transferido a las cámaras anódicas de las celdas. 

Después de la inoculación, el reactor fue alimentado con 0,55 gL-1 de acetato de 

sodio como fuente de carbono. Tras la aclimatación, se añadió MBT a la solución 

sintética a una concentración de 0,05 mM, y se realizó una agitación posterior 

durante 6 h y una purga con gas N2 durante 15 minutos antes de introducirla en 



 
 

172 
 

RESUMEN GLOBAL 

el reactor. Todas las operaciones se realizaron en modo batch alimentado (2-3 

días) a temperatura ambiente (21 ± 2 °C). La corriente eléctrica se calculó 

midiendo la caída de tensión a través de una resistencia, registrando la tensión 

a intervalos de 10 minutos utilizando un multímetro programable).  

El carbono orgánico total y el pH del medio se midieron al principio y al final de 

cada ciclo de alimentación mientras que el MBT y sus productos de 

transformación se identificaron a diferentes tiempos (0, 7,5, 15, 30 y 50 h) 

mediante HPLC-MS.  

Los resultados indicaron que los ánodos modificados con óxido de grafeno 

promovieron la presencia de comunidades más enriquecidas, desarrolladas y 

específicas en comparación con los ánodos a los que no se les aplicó este 

tratamiento. Además, las adiciones consecutivas del sustituyente OH al anillo de 

benceno del MBT sólo se detectaron en el reactor dotado con el electrodo tratado 

con óxido de grafeno. Ambos fenómenos, junto con la aplicación de un potencial 

de celda, pueden estar relacionados con la mayor reducción de la biotoxicidad 

observada en el sistema bioelectroquímico equipado con ánodos modificados 

con óxido de grafeno (46,2 eqtox∙m-3 a 27,9 eqtox∙m-3). 

LOS ELECTRODOS ELECTRODEPOSITADOS MEDIANTE ÓXIDO 
DE GRAFENO MEJORAN LA PUESTA EN MARCHA Y EL 
ENRIQUECIMIENTO SELECTIVO DE EXOELECTROGENOS EN 
SISTEMAS BIOELECTROQUÍMICOS 

Este capítulo tiene como objetivo evaluar el impacto que la electrodeposición 

anódica de óxido de grafeno (GO) tiene en el proceso de puesta en marcha y en 

el desarrollo de comunidades microbianas en el ánodo de los sistemas 

bioelectroquímicos. Los electrodos electrodepositados con GO se caracterizaron 

en condiciones abióticas para verificar el alcance de la modificación y luego se 

transfirieron a un reactor bioelectroquímico, para su caracterización 

bioelectroquímica. 

La caracterización biótica de los electrodos se realizó en celdas de electrólisis 

microbiana monocamerales. Los ánodos de las celdas se inocularon mezclando 

lodo de río obtenido de un río local con medio de crecimiento en una proporción 
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de volumen 1:5, añadiéndose 500 mgL-1 de acetato de sodio a la mezcla como 

fuente de carbono. Los cátodos se fabricaron con malla de acero inoxidable 

(AISI304) y su área fue de aproximadamente 5 cm2. 

Los reactores se operaron en batch a una temperatura controlada de 30 °C. Se 

cambiaba el midio por medio nuevo con acetato  cuando la corriente caía por 

debajo de 100 μA. El potencial de la celda se mantuvo a 1 V entre el ánodo y el 

cátodo durante todo el experimento 

Los resultados mostraron que el electrodo modificado permitía reducir el tiempo 

de puesta en marcha en comparación con el electrodo de control.  Al cabo de 

tres meses, se realizó un estudio de poblaciones microbianas mediante 

secuenciación masiva del gen 16s que reveló que el óxido de grafeno reducido 

electroquímicamente actúa como agente selectivo para bacterias 

exoelectrogénicas como las del género Geobacter. En general, este estudio 

demuestra que los electrodos modificados con GO mejoran la formación de 

biopelículas en los BES, descartando su efecto antibacteriano al menos para 

este tipo de poblaciones. 

ELECTRODO IMPRESO EN 3D MEJORADO CON GRAFENO 
PARA TECNOLOGÍAS ELECTROQUÍMICAS MICROBIANAS 

La fabricación aditiva (AM) podría proporcionar flexibilidad en el diseño de una 

nueva generación de electrodos dedicados al desarrollo de tecnologías 

electroquímicas microbianas (MET). En este capítulo se demostró el uso de 

ácido poliláctico (PLA)/grafeno como base para el crecimiento de un bioánodo, 

mostrando la relevancia de un método de pretratamiento adecuado en el 

posterior desarrollo de la biopelícula. 

Los electrodos se crearon mediante fabricación aditiva con una técnica de 

modelado por deposición de material fundido. La geometría de los electrodos, 

como se muestra en la figura 6, se diseñó para facilitar el cableado y la 

experimentación posterior. Para la fabricación de los electrodos fue necesario 

utilizar un modelo de diseño asistido por ordenador y generar un archivo de 

lenguaje triangular estándar (STL). Posteriormente, la pieza se fabricó 

depositando un compuesto polimérico fundido. En este estudio se utilizó ácido 
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poliláctico cargado de grafeno (PLA/grafeno, Black Magic 3D, Nueva York) con 

un filamento de 1,75 mm de diámetro. El filamento pasó por una boquilla de 0,4 

mm de diámetro cuya temperatura de trabajo era de 200 °C. Finalmente, el 

polímero se depositó capa a capa sobre la superficie de trabajo de la máquina. 

El lecho de trabajo se templó a 50 °C durante el proceso de fabricación. Los 

parámetros de impresión para la fabricación satisfactoria de las piezas fueron los 

siguientes (i) una altura de capa de 0,2 mm, (ii) un patrón lineal con un relleno 

del 40%, y (iii) una velocidad de impresión de 2000 mm-min-1. 

 

Figura 6. Reactor bioelectroquímico utilizado durante los experimentos (A). Geometría 
de los electrodos de PLA, dimensiones en mm (B). 

Se ensayaron tres procedimientos de activación: electroquímico, químico 

utilizando dimetilformamida (DMF) como disolvente, y químico utilizando acetona 

como disolvente. El electrodo de control se limpió suavemente con agua 

desionizada después de la fabricación, pero no se sometió a ningún 

procedimiento de activación. La activación electroquímica se realizó en una 

solución tampón de fosfato (pH 7) aplicando un potencial de celda de 2,5 V 

durante 250 s en una disposición de dos electrodos. El contraelectrodo fue una 

malla de platino. La activación con DMF y acetona se llevó a cabo sumergiendo 

los electrodos en el respectivo disolvente puro) durante 60 s y eliminando 

después el disolvente mediante un enjuague abundante con agua desionizada. 

El comportamiento electroquímico de los electrodos (control, activado 

electroquímicamente, activado con DMF y activado con acetona) se evaluó 

inicialmente mediante voltamperometría cíclica. Esta técnica se realizó en una 

solución de K3Fe(CN)6 5 mM (electrolito de soporte KCl 0,1M), con una velocidad 

de barrido de 1 a 20 mVs-1. Los electrodos se estudiaron mediante 
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espectroscopia de impedancia electroquímica, con el fin de obtener una 

comprensión más profunda de los efectos del pretratamiento en el material. 

 

Los experimentos bioelectroquímicos se llevaron a cabo en tres celdas de 

electrólisis microbiana de una sola cámara denominadas Control, DMF y 

Acetona según el pretratamiento anódico aplicado. Los recipientes del reactor 

consistieron en botellas Duran® modificadas de 500 mL, que permitieron 

introducir los elementos constituyentes del sistema bioelectroquímico. Se utilizó 

una conexión de tres electrodos, estableciendo un potencial de electrodo de 

trabajo de +0,1 V con respecto al electrodo de referencia. El contraelectrodo 

consistió en una malla de platino cuadrada de 2 x 2 cm. El procedimiento de 

inoculación consistió en mezclar el sedimento fluvial recién obtenido con el medio 

de crecimiento, en una proporción de volumen de 1:5. Se añadió acetato de sodio 

a la mezcla como fuente de carbono para alcanzar una concentración final de 

6,1 mM en el ciclo de arranque. Los reactores se mantuvieron a temperatura 

ambiente (22 ± 2 ºC). La alimentación se realizó añadiendo acetato de sodio 

hasta alcanzar una concentración de 10 mM en el medio (excepto en el ciclo de 

arranque) cuando la corriente caía por debajo del 10% del valor máximo. Los 

electrodos colonizados se mantuvieron durante 60 días en las condiciones de 

cultivo descritas antes de iniciar los análisis de este estudio. 

El comportamiento del PLA/grafeno parece ser comparable al de otros 

materiales de electrodos MET ampliamente utilizados en términos de 

rendimiento (bio)electroquímico y composición de la comunidad microbiana. Esto 

abre nuevas perspectivas para la aplicación del MET a los retos relacionados 

con la generación y gestión de energía sostenible, en los que los sistemas 

bioelectroquímicos presentan un importante potencial de aplicación. 

CONCLUSIONES DE LA TESIS 

En esta tesis se han aplicado con éxito procesos exoelectrogénicos para la 

oxidación anódica de determinados compuestos orgánicos, utilizando en algunos 

casos electrodos modificados para aumentar su eficiencia. Durante la búsqueda 
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de estas aplicaciones de las biopelículas, se encontraron algunos aspectos 

concretos de los fundamentos de los sistemas bioelectroquímicos que han sido 

abordados, dando lugar a interesantes conclusiones.  

1. Se han investigado las interacciones metabólicas relacionadas con la 

degradación anódica del propionato en un reactor híbrido de digestión 

anaerobia/tecnología electroquímica microbiana. Las bacterias del género 

Geobacter, actuando en sintrofía con otros géneros como Syntrophus, han 

mostrado su papel fundamental en el proceso anódico mientras que las arqueas 

metanogénicas que utilizan la ruta hidrogenotrófica son las que más 

contribuyeron a la producción de metano durante los experimentos. El uso de un 

inóculo preenriquecido, en comparación con el lodo anaerobio, permitió una 

puesta en marcha más rápida del sistema AD-MET. Sin embargo, el lodo 

anaerobio demostró ser más resistentes a largo plazo. El sistema 

bioelectroquímico demostró mejorar la producción de metano y retardar la 

acumulación de propionato, pero todavía es necesario seguir investigando para 

evaluar la ventaja energética global del sistema híbrido. 

2. La proliferación y la actividad biocatalítica de las biopelículas basadas en 

Geobacter dependen del microambiente anaeróbico proporcionado por el 

microorganismo aeróbico y de la influencia de las estructuras porosas del 

material del electrodo que podrían canalizar el oxígeno disuelto. Esta tesis 

confirma la tolerancia de las biopelículas exoelectrogénicas al oxígeno durante 

cortos periodos de privación de sustrato. 

3. Se desarrolló un procedimiento de electrorreducción con óxido de grafeno 

de un solo paso para la modificación de electrodos de sistemas 

bioelectroquímicos. Los ensayos electroanalíticos revelaron que el grafeno 

depositado mejoraba la transferencia heterogénea de electrones entre las 

especies electroactivas disueltas y el electrodo. Cuando se utilizó como 

bioánodo en un sistema bioelectroquímico, el electrodo modificado con óxido de 

grafeno aceleró los periodos de arranque y estabilización de la corriente. En 

general, la modificación del electrodo parece facilitar la formación de una 

biopelícula robusta y un enriquecimiento selectivo en el género exoelectrogénico 

Geobacter. 
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4. La biotoxicidad de las corrientes contaminadas con MBT puede reducirse 

en un proceso de oxidación biocatalítica en una celda de electrólisis microbiana. 

Los experimentos también concluyeron que los ánodos modificados con grafeno 

pueden acelerar la degradación del MBT, lo que parece estar relacionado con la 

mayor diversidad promovida por los electrodos modificados. 

5. Se ha comprobado la idoneidad del PLA/grafeno como electrodo para 

sistemas bioelectroquímicos, siendo la activación previa del material un paso 

esencial. Entre los procedimientos de activación, los tratamientos con DMF y 

acetona mostraron un rendimiento comparable, con una ligera ventaja en la 

actividad bioelectroquímica del pretratamiento con acetona. El análisis de las 

comunidades microbianas utilizando este material como bioánodo mostró un 

enriquecimiento selectivo en el género Geobacter, un conocido exoelectrogeno. 

La densidad de corriente máxima alcanzada fue de aproximadamente 5 Am-2, lo 

que permite considerar al PLA/grafeno como un material prometedor para el 

diseño de electrodos innovadores que podrían abrir nuevas posibilidades de 

aplicación para los sistemas bioelectroquímicos. 

 

TRABAJO FUTURO 

El estudio de las aplicaciones de las biopelículas exoelectrogénicas ha 

alcanzado un grado de madurez que permite ya vislumbrar algunas de las líneas 

de investigación más prometedoras, así como los aspectos limitantes de esta 

tecnología. La complementación de la digestión anaeróbica mediante sistemas 

bioelectroquímicos parece ser una estrategia viable para mejorar el balance 

energético, pero es especialmente urgente el desarrollo de un vínculo sólido 

entre las redes eléctricas y estos sistemas. Las estrategias de control de los 

sistemas bioelectroquímicos, centradas en el uso de energía eléctrica fluctuante, 

son un paso necesario para lograr vínculos sinérgicos entre la gestión de 

residuos y las redes de transmisión de energía (electricidad y gas). Por otra 

parte, el uso de nuevos materiales para los electrodos abre nuevas 

oportunidades de investigación. Una línea de trabajo futura es ir más allá de la 

modificación con óxido de grafeno e introducir, a partir de esta modificación, otras 
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sustancias (por ejemplo, metales de transición) que potencien selectivamente las 

reacciones bioelectrocatalizadas. También dentro del uso de nuevos materiales, 

se está explorando el uso de la fabricación aditiva de electrodos con 

características hidrodinámicas deseables con polímeros conductores (Figura 4). 

 

Figura 7. Esquema de un reactor que aprovecha los elementos impresos en 3D (A). 
Detalle del deflector cónico impreso en 3D y del colector de corriente (B). Partículas de 
PLA/grafeno en suspensión (C). 
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