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1.1. Summary 

Over the last decades, the potential use of microorganisms as biocatalyst for 

electrochemical energy transformation devices has gained special attention. This is 

mainly because microorganisms can make possible the conversion of very different 

types of fuel, including even wastewater. This microbial ability has led to the concept 

of Microbial Fuel Cell (MFC). In MFCs, the microorganisms susceptible to be used 

as biocatalyst are called exoelectrogenics or bioelectrogenics microorganisms, 

because they have the ability to generate electricity by the exchange of electrons with 

electrodes during their metabolic processes.  

Typically, the MFC consists of two chambers (anodic with an anodic 

electrode and cathodic with a cathodic electrode) and a semipermeable membrane 

between the electrodes. Microorganisms oxidize the substrate in the anodic chamber 

generating protons, electrons and other metabolic products, generally CO2. Electrons 

are collected in the anode and travels to the cathode through an external electrical 

circuit while protons pass from the anode to the cathode through the membrane. Once 

both species reached the cathode, they are combined with oxygen molecules which 

are transformed into water. 

Due to its potential benefits related to resource depletion, energy shortage 

and environmental pollution, the number of publications related with MFCs started 

to increase exponentially at the turn of the century. However, despite the high number 

of publications and the scientific effort, the power generated by MFCs has not 

increased considerably in this period and, because of that, MFCs have not found their 

place in the commercial field yet. One of the reasons for the stagnation of the 

technology lies in the scale-up.   

Initially, it was believed that a linear function described the relationship 

between the amount of power generated by MFCs and its size. Therefore, with a 

constant MFC potential, the current passing through the limiting electrode (generally 

the anode) was expected to be directly proportional to the electrodic surface area. 

Thus, an incrase of the anodic surface area ought to result in a proportionally increase 

of the power. However, scientific studies have demonstrated a negative effect of the 

anodic surface on the power density generated. Because of that, an increase in the 
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anodic surface results in a decrease of the electrical performance of the MFC, mainly 

due to the edge effect, the microbial concentration and the internal resistance.  

In the literature, it has been shown a more efficient energy harvesting in 

smaller MFCs because of the reduction of the electrode spacing, the increase of the 

surface area-volume ratio and the decrease of the internal resistance. These features 

benefit the supply and diffusion rate of substrate and nutrients, the electron collection 

in the anode and the proton diffusion from the anode to the cathode. These facts lead 

to a new scale-up approach: stacking multiple small MFCs. 

On this basis, and taking into account the experience of the E3L-TEQUIMA 

research group in the field of MFCs since 2006, the main goal of this PhD is making 

this technology really feasible, by building stacks of efficient miniature air-breathing 

MFCs.  

In order to reach this goal, firstly a miniature air-breathing MFC was 

designed and constructed. On one hand, the miniature size contributes to a high 

efficiency by avoiding unnecessary ohmic losses, from the electrical point of view, 

and dead volumes, from the hydraulic point of view. On the other hand, the air-

breathing cathode concept simplifies the construction, operation, manipulation and 

placement, reducing considerable its cost. Then, the optimization of the miniature 

air-breathing microbial fuel cell design was carried out to replicate a highly-efficient 

unit. MFC replicates were arranged in stacks (and the stacks in modules) trying to 

improve significantly the production of electricity attainable by the technology. 

These main steps were divided into more specific sequential partial objectives.  

In general terms, the miniature air-breathing MFC used in this PhD thesis 

was made in methacrylate pieces and consisted of an anode (generally carbon felt) 

separated from the cathode by a Nafion® membrane. Electrodes and membrane had 

a surface area of 0.866 cm2. The cathode was made of carbon paper modified with a 

catalytic layer of 0.5 mg Pt cm-2 and was exposed to the atmosphere. Anode and 

cathode closed externally the electrical circuit by a load of 120 Ω. An anodic reservoir 

of 115 mL was connected to the anodic chamber of 0.346 cm3 in order to feed it under 

recirculation mode at a flow rate of 3 mL min-1. 

The first step involved individual MFCs and it was focused on the selection 

of a bioelectrogenic consortia by determining the optimal sludge age and the optimal 
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enrichment methodology that favours the growth and prevalence of the electrogenic 

microorganisms. For the set of experiments related to the sludge age, five different 

MFCs operating under different sludge ages (1.4, 2.5, 5.0, 7.4 and 10.0 days) were 

tested with carbon paper as anodic electrode. In order to maintain the sludge age, a 

specific volume for each sludge age was purged on a daily basis from the anodic 

reservoir and replaced by fresh synthetic wastewater. The higher the sludge age, the 

lower the purge. Many enrichments increasing the percentage in volume of sludge-

synthetic wastewater were needed to start the MFCs, so the effective start-up process 

lasted about 11 days. The output current values under closed circuit conditions were 

0.032, 0.061, 0.065, 0.069 and 0.153 A m-2 for the sludge ages of 1.4, 2.5, 5.0, 7.4 

and 10.0 days, respectively. The increase in the electrogenic activity with the sludge 

age can be explained by considering the higher microbial growth in the MFC 

operated at larger sludge ages, which favors the proliferation of the slow-growing 

electrogenic microorganisms. The effect of the sludge age after the start-up process 

was also evaluated and the MFCs continued in operation during 30 more days. 

However, as time goes by, it was observed an increase of the current density when 

the MFCs were operated at lower sludge ages, especially for the MFC running under 

a sludge age of 2.5 days, that increased the current density exerted under closed 

circuit conditions from 0.061 A m-2 up to 4.51 A m-2, while higher sludge ages 

maintained the electricity generation in the same values reached at the end of the 

start-up. It points out that, effectively, sludge ages of 5.0, 7.4 and 10.0 days allowed 

the electrogenic activity as the volume washed out was lower but for the same reason, 

a great variety of generas were coexisting and the competence results in a lower 

electrogenic performance. In this sense, it must be stated that electrogenic bacteria 

seems to be one of the most vulnerable genera compared to those which growth at 

sludge ages higher than 2.5 days (aerobic, facultative and anaerobics), so operating 

at sludge ages lower than 2.5 days allows the washing out of these undesired genera 

from the anodic reservoir and electrogenic bacteria can multiply optimally. In order 

to complete the understanding of this parameter and to maximize the performance of 

the worst devices, their sludges ages were modified and subjected to operate under 

2.5 days. The change of the sludge age from any value down to 2.5 days resulted in 

an improvement in the electric current production. In order to corroborate the 



 

CHAPTER 1: SUMMARY
 

 

6 

reproducibility of the results, the same sludges ages were tested with a different 

anodic material. To do that, the carbon paper, which has a plane geometry, was 

replaced by carbon felt, which has a 3D geometry. Results obtained allow to conclude 

that 2.5 days is the optimum value for this type of MFCs to enhance the growth of 

electrogenic bacteria and the electricity generation, regardless of the anode nature. In 

order to obtain the key that allows the sludge age of 2.5 days to select an electrogenic 

culture over lower and higher sludge ages, a characterization of the microorganisms 

contained in the biofilms and in the suspended culture for the interval of sludges ages 

evaluated was carried out with Illumina technique. Despite of the presence of known 

electrogenic genera (Shewanella, Pseudomonas and Arcobacter) there was only a 

small fraction of Desulfurumonas, Solitalea, Syntrophothermus, Acholeplasma, 

Propionicimonas, Sphaerochaeta and Desulfobacula that follows the same trend than 

the generation of electricity. In addition, the abundance of electrogenic genera in the 

biofilm is quite higher than in the suspension, probably due to the washes that the 

suspended microorganisms experience in the bulk. Therefore, suspended 

microorganisms increase the efficiency of the current generation while the electricity 

production is mainly governed by the biofilm. 

Regarding to the influence of the inoculation process, four different MFCs 

were started-up simultaneously with different sludges (aerobic and anaerobic) at 

different percentages of sludge-synthetic wastewater (10%, 50% and 100% for 

aerobic sludge and 100% for anaerobic sludge). Results pointed out that only the 

MFC involving 100% of aerobic sludge showed remarkable electricity generation. 

The combination of low concentration of sludge and presence of substrate leads to a 

fast removal of electrogenic microorganisms from the anodic reservoir and avoids 

limitation for bacterial metabolism. Reinoculating a MFC with sludge from the MFC 

started with 100% for aerobic sludge results in a MFC capable to overcome 4 times 

the performance in less time. This significant improvement of performance can be 

explained on the basis of further enrichment of exoelectrogenic bacteria, which 

allows the biofilm to be colonized since the first moment with electrogenic bacteria.  

In the experiments focused on the optimization of the bioelectrochemical 

reactor, the influence of the main materials were evaluated: electrodes materials and 

membrane. The optimization of the cathodic material by the assesment of the 
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influence of the platinum loading was carried out operating four different MFCs with 

catalyst loads deposited on the cathodic surface within the range of 0.25 to                  

2.00 mg Pt cm-2. Regarding to the anodic electrode, on one hand, it was evaluated 

four different MFCs whose anodic surface based on Toray carbon paper was 

modified with metallic components (Ni, Pt, Au). On the other hand, different 

carbonaceous materials were also tested: carbon paper, carbon cloth, carbon felt and 

carbon foam of two porosities (30 and 80 pores per inch-ppi). In the case of 

implementing separators, two different MFCs were operated. In one of them, the 

electrodes were separated by a Nafion N117 membrane and in the other one by a gap 

of 3 mm.  

Results point out that, after 20 days of operation, the current density 

achieved under closed circuit conditions by the four MFCs was almost the same and 

it was maintained over the time (10 A m-2 under closed circuit conditions), regardless 

of the Pt loading. However, polarization curves showed that the capacity of the MFC 

to produce electricity increases with the Pt content. This fact may indicate the control 

of the anodic processes under closed circuit conditions while under open circuit 

conditions the cathode controls the performance. Therefore, this suggests that the 

performance of the MFC is limited by the anodic processes, regardless of the 

improvements made in the cathode. 

When evaluating the metal doping of the anodic surface, the best 

enhancement in the production of current was obtained with Ni (7.5 A m-2), followed 

by Au (4.2 A m-2) and Pt (2.0 A m-2). The non-doped MFC showed a really poor 

performance. Anyway, anodes are frequently based on raw carbon materials because 

of its low cost and effectiveness. For this reason, the effect of raw carbon anodes was 

also checked with different types of carbonaceous materials. The worst performance 

was obtained when operating with carbon paper as it is very thin, slightly rigid and 

fragile, presenting a relatively smooth surface. Its flat geometry worsens the biofilm 

attachment on this type of anode. Despite of being more porous, the carbon foam of 

30 ppi presents a very high pore size (0.813 mm) leading to a latticework structure 

that slightly increases the available surface for the biofilm attachment. Operating 

MFCs with anodes made of carbon cloth and carbon foam of 80 ppi results in current 

densities of 6.8 and 9.8 A m-2, respectively. These materials allow to a larger surface 
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for bacterial attachment due to its porosity and the adequate pore size. Carbon foam 

of 80 ppi performs better than the carbon cloth because of its 3D geometry. Finally, 

the highest current density of 14.5 A m-2 was obtained when operating with carbon 

felt due to its filamentous structure.  

The presence of a proton exchange membrane (PEM) improves the transient 

response of the system and let the MFC to reach the steady state ten days before than 

the MFC not equipped with the membrane and the current density reached under 

closed circuit conditions is slightly slower in the case of the membraneless system 

(3.32 A m-2 vs 5.85 A m-2). Both facts can have its origin in the design of the MFC. 

The anodic chamber is placed in the side of the anode not confronted with the cathode 

and when the membrane was removed, a gap was left between anode and cathode to 

avoid short-circuit inside the MFC. This gap means an internal resistance that 

according to the results is higher than the resistance offered by the PEM. In addition, 

the membraneless MFC requires more time to get a flow of protons from the anode 

to the cathode.  

After that, the selection of the best fuel was carried out. Four different 

carbon sources were used at the same concentration: acetate, lactate, glucose and 

octanoate. Regardless of the carbon source, the composition and the concentration of 

the trace minerals remained unchanged. Results point out that the higher the number 

of carbons, the lower the current density exerted. The best performance was achieved 

with acetate (5.45 A m-2) because the simplicity of this molecule allows its easy 

oxidation by electrogenic bacteria. However, when dealing with complex substrates, 

the electrogenic microorganisms require the cooperation of hydrolytic and 

fermentative microorganisms, which generate easy biodegradable products. For this 

reason, feeding lactate results in a current density one magnitude order below than 

that for the acetate and when glucose and octanoate were used as fuel, an almost 

negligible electricity was exerted due to the predominance of non-electrogenic 

microorganisms and secondary reactions. Therefore, the biodegradability of the 

substrate is an important key to develop electrogenic bacteria and therefore energy 

dense devices. 
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Taking into consideration the previous results and with an eye on the 

scaling-up process, the final features of the miniaturized MFC after the optimization 

process of the design and operation were the following ones: 

- Operation of the MFC under a sludge age of 2.5 days. 

- Inoculation of the MFC with 100% of aerobic sludge. 

- Despite the not crucial role of the Pt loading on the cathodic surface, 

0.5 mg Pt cm-2 was selected to ensure not cathodic limitations under 

open circuit conditions. 

- Carbon felt was selected as anodic material due to its superb 

performance without being necessary the addition of Ni. 

- Despite the similar performance of the MFC in the presence and in the 

absence of a membrane, it was decided to operate the MFC with the 

PEM in order to avoid electrical short-circuits between electrodes in the 

scale-up. 

- Acetate as fuel. 

The last stage of this PhD was the study of the scale-up process through the 

principle of `miniaturization and replication´. In a first stage, stacks of 1, 2, 5, 8 and 

16 MFCs were evaluated. Each stack was connected to an anodic reservoir, which 

results in a decrease of the electricity production and in an increase of the COD 

removed with the increase of the number of MFCs arranged in the stack. The stack 

of 16 MFCs showed a really bad electrical performance, so individual anodic 

reservoirs per MFC of the stack was proposed, which results in a considerable 

increase of the electrical performance.  

Once having understood the main limitations when stacking, a big module of 

112 MFCs was created by replicating 7 times the stack of 16 MFCs. Each horizontal 

cascade of 4 MFCs were connected to an auxiliary tank. The main aim of this part 

was to demonstrate a practical application of this technology: illumination of LEDs. 

To dot that, one LED was characterized in order to obtain enough knowledge about 

its electrical requirements. The LED required 3.4 V and 0.029 mA to work in its best 

conditions and 2.6 V and 0.020 mA to start lighting. For this reason, series and 

parallel connections, as well as series-parallel combinations, were tested in order to 

achieve the electrical configuration that ensures the current and voltage threshold. It 
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was important to take into account that the internal resistance of the stack entails an 

important energy loss and depends considerably on the electrical configuration. Only 

one of all the combinations tested met all the requirements. In each stack of 16 MFCs, 

groups of 4 MFCs were connected in parallel resulting 4 groups. The electrical 

outputs of these groups were connected in series. The big module consisted of 7 

stacks, which were also grouped leading to 3 modules of 2, 2 and 3 stacks. The 

connection between the stacks was in parallel, while the connection of the modules 

was in series. This configuration allowed the illumination of the 21 LEDs maintained 

continuously for 20 days. Then, the number of LEDs added to the strip was increased 

up to 220. The illumination of these huge amount of LEDs was maintained during 5 

days before stopping the experiment, showing that the implementation of this 

technology to our daily life is possible. 

 

 

Figura 1.1. Photograph of the illuminated strip of LEDs with energy obtained from 

the air-breathing MFC module.  
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1.2. Resumen 

El uso de microorganismos como catalizadores en dispositivos 

electroquímicos ha despertado un gran interés en los últimos años, debido a la gran 

variedad de sustratos (combustibles) que los microorganismos pueden metabolizar, 

y, como consecuencia, convertir en energía. Esta habilidad microbiana ha dado 

origen al concepto de Celdas de Combustible Microbiológicas (CCMs). En este 

contexto, los microorganismos que se utilizan como biocatalizadores en CCMs 

reciben el nombre de microorganismos exoelectrogénicos o bioelectrogénicos, 

porque son capaces de producir electricidad, transfiriendo parte de los electrones 

generados en sus propios procesos metabólicos a materiales conductores de la 

electricidad (electrodos). 

Generalmente, una celda de combustible microbiológica está formada por 

dos compartimentos o cámaras: el compartimento anódico, que contiene al electrodo 

anódico, y el compartimento catódico, que contiene al electrodo catódico. Estos dos 

compartimentos se encuentran separados por una membrana semipermeable situada 

entre los electrodos. Los microorganismos oxidan el sustrato en la cámara anódica y 

generan protones, electrones y otros productos metabólicos, generalmente CO2. Los 

electrones son  transferidos al ánodo y pasan por un circuito eléctrico externo hasta 

llegar al cátodo, mientras que los protones se transfieren al cátodo a través del 

electrolito soporte, atravesando la membrana. Una vez que ambas especies han 

llegado al cátodo, éstas se combinan con las moléculas de oxígeno para llevar a cabo 

la reducción del oxígeno a agua.  

El número de publicaciones relacionadas con celdas de combustible 

microbiológicas ha aumentado exponencialmente desde principios de este siglo XXI. 

Esto es consecuencia de la búsqueda de nuevas fuentes energéticas, causada a su vez 

por la mayor preocupación debido al agotamiento de los combustibles fósiles, la 

creciente demanda energética, el progresivo incremento en los niveles de 

contaminación y, posiblemente, por la elevada dependencia de factores climáticos 

que tienen asociadas las energías verdes. Sin embargo, a pesar del gran número de 

publicaciones, y de los consecuentes esfuerzos científicos, la potencia energética 

generada por las celdas de combustible microbiológicas apenas ha aumentado en este 

período. Este hecho ha provocado la paralización de esta tecnología, y este 
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estancamiento se ha acentuado aún más por los problemas encontrados en la etapa de 

escalado.    

En un principio, se pensaba que la cantidad de potencia generada por una 

celda debería tener una relación casi directa con el tamaño de la misma. Por tanto, 

para un mismo voltaje, la corriente que circula por el electrodo limitante 

(generalmente el ánodo) debería ser directamente proporcional a la superficie 

electródica. Como consecuencia, al aumentar la superficie electródica debería 

aumentar la potencia generada por la celda en la misma proporción. Sin embargo, 

muchos estudios están demostrando que el aumento de la superficie electródica en 

una celda de combustible microbiana disminuye el rendimiento de la celda, debido 

al aumento de la resistencia interna y a los efectos de borde e influencia de la 

concentración de microorganismos.  

De este modo, los resultados encontrados en la bibliografía indican que al 

disminuir el tamaño de la celda, se reduce la distancia entre electrodos, se incrementa 

la relación superficie-volumen y se disminuye la resistencia interna, lo que favorece 

múltiples procesos interrelacionados, tales como la difusión del sustrato y de los 

nutrientes en la cámara anódica, el transporte de los protones del ánodo al cátodo y 

la transferencia de electrones al ánodo. Todo ello se traduce en una recuperación más 

eficiente de la energía con celdas de menor tamaño. Por lo tanto, parece que la única 

alternativa viable de escalado consiste en apilar celdas de pequeño tamaño, ya que en 

este caso la eficiencia de cada celda no se vería tan alterada como en el caso de 

aumentar el tamaño del electrodo en una celda y, como consecuencia, se aumentaría 

la generación de electricidad por parte de estos dispositivos. Esto supone un cambio 

radical en el concepto de escalado. 

En este contexto, y teniendo en cuenta la experiencia del grupo de 

investigación E3L-TEQUIMA, en el cuyo marco se ha desarrollado esta tesis y que 

inició trabajos en el campo de las celdas de combustible microbiológicas en 2006, el 

principal objetivo de esta tesis doctoral ha consistido en crear una tecnología 

energética con visos de viabilidad, basada en la construcción de pilas (stacks) de 

celdas de combustible microbiológicas autorrespirantes o de cátodo abierto al aire 

(air-breathing), que sean altamente eficientes.  
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Para alcanzar el objetivo general de esta tesis doctoral, se diseñó y se 

construyó un prototipo de mini-celda de combustible microbiológica autorrespirante. 

Por un lado, con la miniaturización se esperaba contribuir a aumentar la eficiencia de 

la celda ya que, desde el punto de vista eléctrico, se evitan pérdidas óhmicas 

innecesarias y, desde el punto de vista hidraúlico, la existencia de volúmenes 

muertos. Por otro lado, el concepto de autorrespiración (cátodo abierto al aire) 

simplifica la construcción, operación, manipulación, emplazamiento y reduce 

considerablemente el coste de operación. A partir de este diseño inicial, se llevó a 

cabo la optimización del concepto de mini-celda de combustible microbiológica 

autorrespirante, mejorando el funcionamiento de sus componentes. Finalmente, se 

replicó el sistema que mejores resultados aportó y las celdas replicadas se dispusieron 

en pilas, que a su vez se agruparon en módulos, con el objetivo último de aumentar 

considerablemente la producción de electricidad.  

El prototipo inicial de mini-celda empleada en esta tesis doctoral  fue 

construido con piezas de metacrilato y, en el mismo, el ánodo  se encontraba separado 

del cátodo por una membrana de intercambio protónico Nafion®. La superficie tanto 

de los electrodos como de la membrana era 0,866 cm2. El cátodo estaba abierto a la 

atmosfera y era de papel de carbon sobre el que se había depositado una capa 

catalítica de 0,5 mg Pt cm-2. Ambos electrodos estaban conectados externamente por 

una resistencia de 120 Ω que cerraba el circuito eléctrico. Además, la cámara anódica, 

con un volumen de 0,346 mL, estaba conectada a un tanque auxiliar anódico de 115 

mL, de forma que el sistema operaba en modo de recirculación con un caudal de 3 

mL min-1.  

A partir de este diseño inicial de la celda en miniatura, se llevaron a cabo 

diversos estudios que tenían por objetivo último conseguir una celda altamente 

eficiente, mediante la mejora de sus componentes. En primer lugar, se seleccionó un 

cultivo bioelectrogénico, mediante el establecimiento de la edad de fango óptima y 

del proceso de inoculación óptimo. Para determinar la influencia de la edad de fango 

en la selección de microorganismos electrogénicos, se operaron cinco mini-celdas 

distintas con ánodo de papel de carbón, cada una de ellas bajo una edad de fango 

diferente (1,4, 2,5, 5,0, 7,4 y 10,0 días). Para mantener la edad de fango deseada, se 

purgaba diariamente un volumen determinado del tanque auxiliar anódico y se añadía 
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el mismo volumen de agua residual fresca. A mayor edad de fango, menor era el 

volumen purgado. Fueron necesarias varias inoculaciones para arrancar las celdas, 

en cada una de las cuales se aumentó el porcentaje en volumen de fango-agua 

residual. La puesta en marcha efectiva duró 11 días, momento en el que se obtuvieron 

densidades de corriente de 0,032, 0,061, 0,065, 0,069 and 0,153 A m-2 en condiciones 

de circuito cerrado para las edades de fango de 1,4, 2,5, 5,0, 7,4 and 10,0 días, 

respectivamente. El aumento de la actividad electrogénica con la edad de fango fue 

justificado por la escasa concentración de microorganismos electrogénicos en el 

fango inoculado, que dificultaba su prevalencia cuando la purga era elevada. Las 

celdas se mantuvieron en funcionamiento durante 30 días más para evaluar el efecto 

de la edad de fango tras la puesta en marcha. En este estudio, se observó un aumento 

de la densidad de corriente en las celdas operadas a bajas edades de fango, 

especialmente en la celda operada a una edad de fango de 2,5 días. Dicha celda 

experimentó un incremento en la densidad de corriente de 0,061 a 4,51 A m-2. En el 

caso de operar a mayores edades de fango, los valores de densidad de corriente se 

mantuvieron prácticamente constantes en los valores obtenidos tras los 11 días de 

puesta en marcha. Por tanto, edades de fango de 5,0, 7,4 y 10,0 días permiten el 

desarrollo de microoganismos electrogénicos, pero también permiten el desarrollo de 

otras especies que coexisten con los microorganismos electrogénicos y compiten con 

ellos por el sustrato, dando lugar a un bajo rendimiento de estas celdas. Todo esto 

apunta a que los microorganismos electrogénicos son vulnerables frente a otras 

especies que se desarrollan cuando se trabaja a edades de fango mayores de 2,5 días. 

Sin embargo, al operar a edades de fango iguales o inferiores a 2,5 días, esos 

microorganismos indeseados son lavados del sistema y los microorganismos 

electrógenicos pueden desarrollarse en condiciones óptimas. Para confirmar esta 

hipótesis, se modificó la edad de fango de operación de todas las celdas y éstas 

comenzaron a operar a la edad de fango de 2,5 días. Los resultados obtenidos 

mostraron que la generación de electricidad se vio favorecida en aquellos casos en 

los que la edad de fango de partida era superior a 2,5 días.  

Para comprobar la reproducibilidad de los resultados, se pusieron en marcha 

cinco nuevas celdas, operando a las mismas edades de fango (1,4, 2,5, 5,0, 7,4 y 10 

días), pero cambiando el material anódico. Se sustituyó el ánodo de papel de carbón,  
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de geometría plana, por fieltro de carbón, de geometría tridimensional. Los resultados 

obtenidos validaron las conclusiones del estudio anterior y permiten afirmar que la 

edad de fango óptima para favorecer el crecimiento de microorganismos 

electrógenicos en este tipo de celdas es de 2,5 días, independiemente de la naturaleza 

del material anódico. Finalmente, se llevó a cabo la caracterización mediante la 

técnica Illumina de los microorganismos que conformaban la biopelícula, así como 

de los que se encontraban en suspensión para cada una de las edades de fango 

estudiadas. A pesar de la presencia de muchos microorganismos que pueden tener 

carácter electrogénico (Shewanella, Pseudomonas y Arcobacter), únicamente una 

pequeña proporción  seguía la misma tendencia que la observada en la generación de 

electricidad con la edad de fango (Desulfurumonas, Solitalea, Syntrophothermus, 

Acholeplasma, Propionicimonas, Sphaerochaeta and Desulfobacula). Además, es 

importante mencionar que la abundancia de microorganismos electrogénicos es 

mayor en la biopelícula que en la suspensión, debido al mayor efecto en la suspensión 

de los lavados que sufren los microorganismos. Se puede afirmar, por tanto, que la 

generación de electricidad se debe principalmente a los microorganismos que forman 

la biopelícula y que los microorganismos en suspensión tienen una menor 

contribución.  

Con respecto a la influencia del proceso de inoculación, se pusieron en 

marcha cuatro celdas distintas con distintos procesos de inoculación, en los que se 

variaba el tipo de fango y el porcentaje de fango-agua residual sintética (10%, 50% 

y 100% de fango aerobio y 100% de fango anaerobio). Los resultados obtenidos 

muestran que únicamente la celda que fue inoculada con 100% de fango aerobio 

mostraba buena actividad electrogénica, lo que se traducía en un elevado rendimiento 

de la celda. En los casos en los que se inoculó con bajos porcentajes de fango, se 

favorecía el lavado rápido de los microorganismos. Además, en estos casos el 

porcentaje de agua residual era elevado, lo que hace que la disponibilidad de sustrato 

fuese prácticamente ilimitada. Se comprobó que reinocular una celda con fango 

procedente de la celda ya aclimatada, y que fue iniciada con 100% de fango aerobio, 

mejoraba considerablemente el rendimiento de la celda y que el tiempo necesario 

para alcanzar el estado estacionario disminía. Esto puede ser explicado en base  a que 
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los microorganismos que colonizaban el ánodo desde el primer momento estaba 

enriquecido en microorganismos electrogénicos.  

La siguiente etapa para maximizar el rendimiento de la mini-celda consistió 

en optimizar el reactor bioelectroquímico mediante el estudio de la influencia de los 

materiales electródicos y de la membrana. La optimización del material catódico se 

llevó a cabo mediante la evaluación de la influencia de la carga de platino en la capa 

catalítica de la superficie catódica. Con esta finalidad se operaron cuatro celdas con 

distintas cargas de platino: 0,25, 0,50, 1,00 y 2,00 mg Pt cm-2. Con respecto al 

material anódico, por un lado, se operaron cuatro celdas cuyos ánodos consistían en 

papel de carbón a los que se añadió una capa metálica de Ni, Pt y Au sobre su 

superficie. Por otro lado, se operaron otras cuatro celdas con diferentes ánodos 

carbonosos: papel de carbón, tela de carbón, fieltro de carbón y espuma de carbón de 

dos porosidades (30 y 80 poros por pulgada-ppp). Para estudiar la influencia de la 

separación entre ánodo y cátodo en el rendimiento de las celdas, se operó una celda 

con membrana tipo Nafion® N117 entre los electrodos y otra celda sin membrana, 

dejando un espacio de 3 mm entre los electrodos. 

En el caso del material catódico, los resultados obtenidos muestran que, 

después de 20 días de operación, la densidad de corriente en estado estacionario en 

condiciones de circuito cerrado era muy similar en todos los casos (10 A m-2), 

independientemente de la carga de platino depositada en la superficie catódica. Sin 

embargo, las curvas de polarización muestran que la capacidad de la celda para 

producir electricidad aumentaba al aumentar la carga de platino. Este hecho puede 

relacionarse con el control del proceso anódico en condiciones de circuito cerrado, 

mientras que al operar a circuito abierto, era el proceso catódico el que limitada el 

sistema. Por tanto, por muchos esfuerzos que se realizasen para aumentar el 

rendimiento del cátodo, era el ánodo el que limitaba el comportamiento de operación 

aplicadas.  

Al dopar la superficie anódica con compuestos metálicos, se observaba que 

la adición del metal podía contribuir a disminuir las limitaciones por transferencia de 

materia, ya que en todos los casos se observaba un mejor rendimiento con el metal 

con respecto al ánodo libre de metales, en el siguiente orden: Ni (7,5 A m-2) > Au 

(4,2 A m-2) > Pt (2,0 A m-2). Aún así, generalmente, se utilizan materiales carbonosos  
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puros debido a su bajo coste y a su efectividad. Por esta razón, se evaluó también el 

empleo de distintos ánodos basados en carbón. El peor rendimiento se obtuvo al 

trabajar con papel carbón ya que además de ser muy fino, ligeramente rígido, frágil 

y presentar una superficie relativamente lisa, su geometría plana no favorecía la 

fijación de la biopelícula al ánodo. A pesar de que la espuma de carbón de 30 ppp era 

más porosa, su tamaño de poro era excesivamente grande (0,813 mm), lo que daba 

lugar a una geometría poco apta para la fijación de la biopelícula. La tela de carbón 

y la espuma de 80 ppp se caracterizaban por una mayor superficie disponible para la 

formación de la biopelícula, debido a su porosidad y al adecuado tamaño de poro, lo 

que mejoraba considerablemente el rendimiento de las celdas. Se obtuvieron 

densidades de corriente de 6,8 A m-2  para celda con ánodo de tela de carbón y 9,8 A 

m-2 para la celda con ánodo de espuma de carbón (80 ppp) debido a que la espuma 

de carbón de 80 ppp poseía además una geometría tridimensional. Finalmente, la 

máxima generación de electricidad se obtuvo con la celda cuyo ánodo era de fieltro 

de carbón, debido a su estructura tridimensional formada por filamentos que 

favorecía la formación de biopelículas altamente eficientes. 

La presencia de la membrana de intercambio protónico aumentaba la 

respuesta transitoria del sistema y disminuía en 10 días el tiempo requerido por la 

celda para alcanzar el estado estacionario de funcionamiento. Además, se puede 

observar que la electricidad generada por la celda que opera con membrana era 

ligeramente mayor (en condiciones de circuito cerrado, 3,32 A m-2 para la celda sin 

membrana y 5,85 A m-2 para la celda con membrana). Ambos hechos pueden 

relacionarse con el diseño de la celda. La cámara anódica no se encuentra situada 

entre ánodo y cátodo, sino en el lado del ánodo que no se enfrenta al cátodo. Por 

tanto, cuando se eliminaba la membrana del sistema, se dejaba un hueco de 3 mm 

entre el ánodo y el cátodo para evitar el contacto eléctrico entre los electrodos. Este 

espacio generaba una resistencia interna mayor que la ofrecida por la membrana de 

acuerdo a los resultados obtenidos. Además, el espacio entre ánodo y cátodo se había 

de rellenar con líquido procedente de la cámara anódica para permitir el paso de 

protones de ánodo a cátodo, lo que explica la más lenta respuesta transitoria del 

sistema. 
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Es importante también seleccionar aquel combustible que maximice el 

rendimiento del sistema. Para ello, se estudió la influencia de distintas fuentes de 

carbono alimentadas con la misma concentración de forma simultáneamente a cuatro 

celdas distintas: acetato, lactato, glucosa y octanoato. Independientemente de la 

fuente de carbono, la composición y concentración de los nutrientes se mantuvo 

constante en la preparación del agua residual. Los resultados obtenidos muestran que 

al aumentar el número de carbonos en el sustrato, disminuye la densidad de corriente 

obtenible. Así, el mejor rendimiento se obtuvo al emplear acetato como sustrato (5,45 

A m-2) debido a que los microorganismos electrogénicos pueden degradarlo con 

facilidad. Sin embargo, para oxidar sustratos más complejos, los microorganismos 

electrogénicos requieren la presencia de microorganismos hidrolíticos y 

fermentativos que conviertan esos sutratos complejos en otros más fáciles de 

degradar por ellos. Por esta razón, al emplear lactato, la densidad de corriente 

generada por la celda era un orden de magnitud menor con respecto a la obtenida con 

el acetato. Con la glucosa y el octanoato, la generación de electricidad se podía 

considerar prácticamente despreciable, debido a la prevalencia de microorganismos 

no electrógenicos y a las posibles reacciones secundarias generadas por los mismos.  

Una vez caracterizados los componentes de la celda y los combustibles a 

emplear en la mini-celda para obtener un buen funcionamieno del sistema,  con vistas 

a llevar a cabo el proceso de escalado, se seleccionaron las siguientes características 

y parámetros de operación:  

- Edad de fango: 2,5 días. 

- Proceso de inoculación: iniciar el sistema con un 100% de fango 

aerobio. 

- Material catódico: papel de carbon con una carga de Pt de 0,5 mg Pt 

cm-2 para asegurar que no existan limitaciones catódicas en condiciones 

de circuito abierto.  

- Material anódico: fieltro de carbón ya que debido al extraordinario 

rendimiento obtenido al emplear fieltro de carbon puro, se descartó la 

adición de níquel.  

- Uso de membrana para evitar posibles cortocircuitos en el proceso de 

escalado.  
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- Combustible: acetato. 

La etapa final de esta tesis doctoral se centró en estudiar en proceso de 

escalado a través de los conceptos de  “miniaturización y multiplicación”. En primer 

lugar, se pusieron en marcha pilas de 2, 5, 8 y 16 celdas, que se compararon con una 

celda sin conectar. Cada pila se conectó a un tanque auxiliar anódico de 115 mL. Los 

resultados obtenidos mostraron un descenso en la generación de electricidad y un 

aumento en la eliminación de materia orgánica a medida que se aumentaba el número 

de celdas en la pila. El rendimiento de la pila de 16 celdas fue muy bajo, por lo que 

se decidió conectar cada celda de la pila a un tanque auxiliar anódico, dando lugar a 

16 tanques de alimentación de 115 mL cada uno. Los resultados reflejaron un 

aumento considerable en la generación de electricidad. 

Posteriormente, se construyó un módulo de 112 celdas. Para ello, se crearon 

7 réplicas de la pila de 16 celdas. La pila estaba formado por 4 líneas horizontales 

con 4 celdas cada línea. Cada línea horizontal de celdas se conectó a un tanque 

auxiliar anódico de 115 mL y las celdas que constituían cada línea se encontraban 

conectadas hidraúlicamente entre ellas en cascada. Este módulo se construyó con el 

objetivo de demostrar una aplicación real demostrativa de esta tecnología: la 

iluminación mediante LEDs. Para conseguirla, se caracterizó uno de los LEDs con el 

fin de conocer los requisitos eléctricos para el encendido. El LED necesitaba de 3,4 

V y 0,029 mA para operar óptimamente. Sin embargo, para comenzar a brillar 

necesitaba solo de 2,6 V y 0,020 mA. Para conseguir la configuración eléctrica que 

encendiese el LED, las celdas de las pilas, así como las pilas entre ellas, fueron 

conectadas en serie, paralelo y combinaciones de serie-paralelo. Además, es 

importante tener en cuenta en esta etapa a la resistencia interna del sistema, que 

supone una pérdida energética importante y depende considerablemente del tipo de 

conexionado. Solamente una de las combinaciones cumplía los requisitos necesarios. 

Esta combinación consistía en formar grupos de 4 celdas en cada pila, en los que las 

celdas estaban conectadas en paralelo y los grupos resultantes en serie. Con respecto 

al apilamiento en el módulo, se crearon grupos de 2, 2 y 3 pilas. Las pilas fueron 

conectadas entre ellas en paralelo, mientras que los grupos resultantes se conectaron 

en serie. Esta configuración permitió encender 21 LEDs durante 20 días de forma 
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initerrumpida. Posteriormente, se fueron añadiendo LEDs sucesivamente hasta crear 

una tira de 220 LEDs. La iluminación de los 220 LEDs se mantuvo durante 5 días 

adicionales, hasta que se dio por finalizado el experimento. Como consecuencia, con 

esta tesis doctoral, no solo se ha conseguido avanzar notablemente en el desarrollo 

tecnológico de las celdas de combustible microbianas autorrespirantes, sino que se 

ha demostrado que es posible la implementación de esta tecnología a nuestra vida 

cotidiana con el desarrollo de una aplicación demostrativa.  

 

 

 

 

Figura 1.1. Fotografía del experimento en el que se muestra una tira de LEDs 

encendida con la energía suministrada por el modulo de celdas de combustible 

autorrespirante. 
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2.1. Electrochemical cell 

An electrochemicall cell is a heterogeneous reactor in which redox reactions 

take place in the interfaces between electrons conductors (electrodes) and ion 

conductors (electrolyte). In fact, this type of reactor consists of two half-cells 

connected (namely anodic and cathodic compartments) and each half-cell contains 

an electrode (a metal or any other electron-conducting material) and an electrolyte (a 

liquid solution or a solid, with the capability of allowing the transport of ions through 

it). In many cases, the anodic and the cathodic compartments are integrated into a 

single electrolytic compartment. In others, the separation is obtained with the use of 

macroseparators, microseparators or ion exchange membranes.  

The oxidation occurs on the anode surface, while the reduction takes place 

on the cathode. The electrolyte allows the transport of ions in each half-cell, from the 

anode to the cathode and vice versa. The electric current flows from the anode to the 

cathode through an external circuit, because of the potential difference produced 

between both electrodes (E). This cell voltage is related to the Gibbs’ free energy on 

the Equation 2.1, where n is the number of exchanged electrons and F is the Faraday 

constant. 

𝛥𝐺 = −𝑛𝐹𝐸    [Equation 2.1] 

  When G is lower than 0 (ΔG<0), the process proceeds spontaneously and 

the cell transforms the energy produced by an spontaneous chemical reaction into 

electrical energy. Opposite, when this value is positive (ΔG>0), the process is not 

spontaneous, although it can transform electric energy into a chemical energy by 

favouring oxidation-reduction reactions that does not occur spontaneously. There are 

many examples of electrochemical cells in which the free energy is negative. Many 

corrosion processes can be understood if they are interpreted in terms of this type of 

cells. However, the most important cells are those developed for transforming energy, 

where we can find batteries (discontinuous electrochemical cells), redox flow 

batteries and rechargable batteries (semicontinuous electrochemical cells) and fuel 

cells (continuous electrochemical cells).  

Despite the great variety of applications of the batteries nowadays, the 

development of fuel cell can be more interesting from a researcher’s perspective 
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because there are many weaknesses that have yet to be solved, in particular those 

related with the catalysts used to transform the fuel into electricity. Thus, except for 

the case of platinum (alone or in combination with other metals) in the oxidation of  

hydrogen, methanol and other short-carbon chain alcohols or carboxylic acids at low 

temperature (PEMFC technology) and other cheaper metals, which allow the 

oxidation of simple hydrocarbons at very high temperatures (SOFC technology), 

there are not general catalysts which can face efficiently the oxidation of more 

complex organics.  

Because of that, during the last decades, the use of bacteria as catalyst has 

gained special attention in this field, leading to the concept of Microbial Fuel Cell 

(MFC). The uniqueness of biocatalysts is that the catalytic efficiency depends on the 

microbial interactions in the community among them and with the electrodes of a 

fuel cell. These types of bacteria are called exoelectrogens. In its name, `exo-´ is 

referred to exocellular and `electrogens´ is related to its ability to transfer electrons 

to insoluble electron acceptors [1]. The positive point is that this type of 

microorganisms (also called bioelectrogenic microorganisms) are not limited to the 

use of the same simple fuels than the inorganic catalysts, but they can also face the 

oxidation of more complex fuels [2]. One of the cheapest fuel can be wastewater. For 

this reason, microbial fuel cells are frequently related to the treatment of wastewater, 

but this is not the only application. In fact, it can be one of the less interesting future 

applications, as it will be pointed out throughout this work.   

 

2.2. Microbial fuel cell 

In order to understand how a MFC works, a typical MFC scheme is shown 

in Figure 2.1. The MFC shown consists of two electrodic chambers (anodic and 

cathodic) and a semipermeable membrane between the electrodes. Bacteria oxidizes 

the substrate in the anodic chamber generating protons and other metabolic products, 

generally CO2. The electrons are collected in the anode and travel to the cathode 

through an external electrical circuit, while protons pass from the anode to the 

cathode through the membrane. Once both electrons and protons reach the cathode, 
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they are combined with oxygen molecules to carry out the reduction of oxygen into 

water.  

 

Figure 2.1. Typical scheme of a MFC. 

Despite of the interest of the National Aeronautics and Space Administration 

(NASA) to transform organic waste into electricity in long journeys during the 60s, 

and the good perspectives of this technology to reach this goal, the conception of 

MFC with two chambers (anodic and cathodic) separated by an ion exchange 

membrane was developed several decades later in the 70s and 80s [3] (with the 

exception of some pionering works, published since the very beginning of the 20th 

century, which pointed out the feasibility of the MFC concept and focused on the 

fundamentals). At that moment, the concept of bacteria catalysts in MFCs started to 

be fully explored not as a scientific curiosity but as a promising technology [4, 5]. 

Thus, in 1991,  the posibility to treat wastewater in MFCs was demonstrated [6]. 

However, the power production was very low and the impact of the technology in 

reducing wastewater strength was not clear at all. It was not until 2004, when the 

feasibility of the link between the production of electricity and wastewater treatment 

was demonstrated by Liu et al [7, 8] by achieving practical treatment levels, while 

simultaneously it was generated significant amounts of electricity. This was an 

starting point in the massive evaluation of the technology. However, the turning point 
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was a theoretical and very optimistic study based on the extrapolation to full-scale of 

real data obtained at the lab-scale [9]. It was pointed out that 2.3 MW could be 

produced simply by using the domestic wastewater of a town of 100000 inhabitants 

(assuming a load of 300 mg BOD L-1). According to this study, with an optimized 

technology, this could result in a saving of $1 millions per year (assuming a cost of 

$0.05 kWh -1) and in more than 1500 homes fully supplied with this power (assuming 

a consumption of 1.5 kW per home) [1].  

This study attracted the interest of a large number of researchers because of 

the potentially feasible revolution in the wastewater treatment field. As it is well 

known, the conventional aerobic treatment requires an aeration process, which 

increases considerably the operation costs of a wastewater treatment plant (WWTP). 

In fact, reducing the energy consumption is a real challenge for environmental 

engineers, which is still very far to find an optimum solution. It was believed that 

MFCs could replace this conventional treatment in order to recover the energy 

contained in the biodegradable organic matter and create self-sufficient WWTP. This 

is summarized in the the energy balance for a municipal WWTP shown in Figure 2.2 

[10], where it can be observed that the energy consumed by the MFC technology is 

much lower than the conventional treatment and how the energy generated by MFC 

technology can afford this energy consumption, at least from a theoretical point of 

view. 

In addition, MFCs were expected to contribute to the multiple challengues 

that most concern the World population: resource depletion, energy shortage and 

environmental pollution. The benefits expected associated to the MFC technology 

are summarized graphically in Figure 2.3 [10]. 

All these calculations and expectations were based on the assumption of a 

perfect scale-up of the technology, which was a feasible assumption at the moment 

when the study of Logan was made with data obtained at lab-scale. However, the 

initial expectatives rose by those initial papers decayed after several years without 

obtaining results that confirm their feasibility. Enlarge the size of the electrodes does 

not warrant to increase proportionally the production of electricity from wastewater 

and perspectives in this field nowadays are not as promising as a decade before. 
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Figure 2.2. Energy balance of a municipal WWTP [10]. 

 

Figure 2.3. Potential benefits of MFCs [10]. 
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Anyway, there are many other potential alternatives raised by using MFCs, 

being the supply of low amounts of energy for electronic devices one of the most 

interesting currently. Although the wastewater application is not as attractive as it 

was believed, MFCs seems to have great advantages that still make them very 

interesting devices. The most important can be summarized in the following bullet 

points: 

- Direct conversion of chemical energy of complex substrates into electricity 

[1]. 

- Operation at room temperature and even at low temperatures, distinguishing 

itself from the rest of bioenergetic processes [11]. 

- No aireation requirement. The cathode can be passively aerated [1]. 

- No gas treatment because the exhaust gases are enriched in CO2 from non-

fossil origin [12]. 

- No energy supply as MFCs have no moving parts [7]. 

- Easy and inexpensive access to the fuel as well as an easy fuel handling, 

because of the low selectivity of the microorganisms for the consumption of 

substrates. 

- Low generation of sludge and therefore saving in sludge treatment and 

management costs [1]. 

 

Due to the benefits described and to the initial expectatives in the wastewater 

treatment application, the number of publications related to MFC started to increase 

exponentially leading to a great variety of aspects that influences on the performance 

of a MFC and that must be considered. Thus, in the literature, it has been described 

the influence on the perfomance of this technology of the design and configuration 

of the MFC [13, 14], electrodic materials [15-26], use of membranes [8, 27-29], 

external resistance [30], inoculum source [31], substrate initial COD concentration 

[32-45], operational temperature [38], loading rate [30] and hydraulic retention time 

[46, 47], operation mode [48, 49], pH [50], size [51, 52], among many other inputs. 

Figure 2.4 summarizes the number of the published papers related to MFCs. 

As explained in the former paragraph, the topic has focussed the interest of the 
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scientific community since the beginning of this century that approach a very 

important number of 7000 contributions in 2017 (last year with total data). In addition 

to this, the annual increase in the number of papers is also shown in this Figure. It 

reflects what it was stated regarding the expectatives: the maximum year increase 

(derivative of the number of paper published) was reached in 2013, just at this 

moment when the difficuties in the scale-up of the technology were revealed and 

scientific community started to realize that this application was not going to be fully 

developed in a short temporal horizon.  

 

 

Figure 2.4. History of publications related with MFC (Database: Scopus). Symbols 

correspondece: (Grey columns) Number of publications; (Dashed black line) Increase in the 

number of publications compared to the previous year.  

Thus, despite the rise of the number of publications and the scientific effort 

in optimizing MFCs since this technology was seen to be a promising way to generate 

clean energy, the power generation has not increased considerably within this time 

frame and this has become a very important and serious drawback.  

Most recent studies (considering even those published when this PhD Thesis 

was already started) are obtaining power densities in the range of 0.07-1 W m-2  [14, 
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25, 26, 53-61] and only in very optimized systems, these values increase up to  4-7 

W m-2 [62, 63, 64]. It is important to point out that the higher the electrode area, the 

lower is the power density reached. This means that net production of energy is below 

the watt level. Thus, although less than a decade ago it was expected that MFCs could 

produce power densities up to the order of several decenes or hundreds of W m-2 and 

even it was expeculated with the production of megawatts in full-scale applications, 

to the best of our knowledge no MFC has reached these range of power density values 

and, in fact, no single MFC has reached even powers within the watt-level [65]. In 

fact, the most interesting strategy to get significant amounts of charge is the harvest 

and intermittent use of the power as demonstrated by Donovan et al with a MFC, 

which produced on average 3.4 mW of continous power, powering intermittently a 

2.5 W remote sensor. The power required was achieved by storing the energy in a 

capacitor, and then using it when the charge accumulated is enough for the 

application looked for [66].  

In this reallistic context, the achievements reported are not enough for the 

implementation of this technology. Furthermore, despite the large number of papers 

published and patents filed, MFCs are yet to find their place in the commercial field 

[67]. The reasons for the stagnation of the technology mainly lie in the scale-up but 

also in the power performance and financial aspects, although these two last 

important points do not make any sense until the first is completely solved [67].  For 

this reason, during the recent years many studies have been focused in the scale-up 

process expecting the development of efficient and affordable devices that can 

produce considerable amounts of energy and can be accepted by market, as well as 

by Society. 

 

 

2.3. Scale-up of microbial fuel cells 

Scale-up of microbial fuel cells is an important challenge for the aplication 

of this technology, especially in the field of wastewater treatment, where extremely 

large amounts of electric charge are required to meet any relevant objective. This 

procedure requires an understanding of the effects of the reactor architecture, the 

materials used and the operational conditions on the MFC performance [68]. At this 
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point, it is important to highlight the relevance in the choice of a good cell 

configuration for the MFC and that, among all the very different types of cells 

existing, air-cathode MFC could be one of the most promising configuration for 

practical applications due to their relatively high power densities, simple 

configuration, compact structure, low space requirement, easy coupling, sustainable 

operation and low cost [2, 8].  

Years ago, it was believed that a linear function described the relationship 

between the amount of power generated by MFCs and its size (quantified in terms of 

anodic area). This was not a wrong assumption taking into account the state-of-the 

art at that moment, because this is the typical behaviour observed in conventional 

fuel cells. Increasing the size of each single fuel cell electrode with a proper 

evaluation of ohmic loses and current distribution, and then stacking is a rather good 

solution to attain high electrode surface areas and maintain the good performance 

obtained at the lab-scale. Thus, for a given MFC potential, the current passing 

through the limiting electrode was expected to be directly proportional to the 

electrodic surface area, and hence, an increase in the surface area of the limiting 

electrode ought to result in a proportional increase in the power [69]. 

However, opposite to conventional fuel cells, this assumption is not valid in 

the case of MFCs.  Thus, in literature it has been reported a very clear and dramatic 

power decrease with the increase of the electrode surface area [70-72]. In practical 

terms, it means that, in extreme cases, it is necessary to increase the surface area 

almost 100-fold to double the power [71]. In addition to this, deploying large 

electrodes can be very problematic because it can upset electrode spacing [68], that 

is linked with the increase of the internal resistance and limitations in the mass 

transport between anode and cathode. Figure 2.5 [71] illustrates this important 

drawback by showing the evolution of the maximum power densities with the anodic 

surface area reported by various researchers [7, 8, 23, 35, 64, 73-85].  

Results highlight the dramatic and important effect of the anodic surface on 

the power density generated. As an example, a reported study shows that a projected 

anodic surface area of 2 cm2 resulted in an  impressive power of 3000 mW m-2 [77, 

78], but in another work with a projected anodic surface area much larger, 232 cm2, 

the maximum power density reached only 26 mW m-2 [86]. In addition, a sediment 
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microbial fuel cell with an area of 1830 cm2 generated a power density of 28 mW m-

2 [73]. This work shows that sediment MFCs also fit with the trend shown Fig. 2.5 

(the decrease of the power density with an increase of the electrodic surface area), as 

well as many other published works within the topic. The trend of Fig. 2.5 reflects a 

steep climb in the power density when the surface area is smaller than 10 cm2 and a 

drastic decrease in the power density when the surface area exceeds 50 cm2. 

 

Figure 2.5. Power density vs electrode surface area [71]. Inset: data zoom for smaller anode 

surface areas. 

The edge effect of the smaller electrodes may explain the relation between 

power decrease and the anodic surface area increase. Therefore, it was hypothesized 

that the power densities differences with small and large electrodes may be caused 

by the effect of the surface biofilm deposits on the electron transfer rate [71]. In 

addition, mass transport of electroactive species to microelectrodes may also have an 

influence on this important weakness [87]. 

Data that quantifies the edge effect in current densities in microelectrodes 

were obtained using electrodes with and without surface deposits. Thus, tests in the 
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presence and absence of biofilm carried out by Dewan et al showed that the maximum 

current density at the potential of a biofilm-covered electrode changed with the 

electrode size, while the current density in the absence of biofilm and only for soluble 

chemicals was at the same potential, regardless of the size of the electrode [71]. It 

suggested that the presence of the biofilm may affect both the electron-electrode 

transfer mechanism and rate, being the effect higher with smaller anodes. It was also 

pointed out that the potential ocurrence of redox-sensitive species discharging at 

various potentials because of the presence of the own biofilm, which obviously it 

does not occurr in the absence of biofilm. In addition, dissolved substances-electrode 

electron transfer, via biofilm, can be one of the keys of the electrodic surface area-

power relation [71]. Another important point to be considered is the considerable 

increase of the internal resistance [72] associated to high bacterial concentration, 

which slow down the movement of electrons and protons [88].  

In order to efficiently recover the energy from the substrate by the biofilm 

on the anodic electrode, it is important to select a suitable hydraulic retention time 

(HRT). It is important to take into account that a larger compartment than the 

necessary can be counterproductive and detrimental to the system efficiency [89]. 

Thus, it has been found a more efficient energy harvesting in smaller MFCs because 

of the reduction of the electrode spacing, the increase of the surface area-volume ratio 

and the decrease of the internal resistance. These features benefit the supply and 

diffusion rate of substrate and nutrients, the electron collection in the anode and the 

proton diffusion from the anode to the cathode.  

This fact leads to a new approach to scale-up: stacking multiple small MFCs 

[89], in which multiple MFCs are connected electrically in series to increase the 

overall potential and in parallel to increase the overall current [90] leading to an 

increase of the electrodic surface area [85, 91] without promoting the drawbacks 

observed when the area is increased in a single cell. However, this setting has also 

two important challenges to be solved: cell voltage reversal and ionic short circuit 

can occur in MFCs with biocatalyzed electrode reactions. On one hand, voltage 

reversal arises due to unequal electrode potential between the unit cells cause in turn 

by a unbalanced substrate distribution [90, 92]. On the other hand, ionic shorts circuit 
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can take place in MFCs sharing the same anolyte and catholyte [13, 93] and points 

out weaknesses in the design of the device.  

A great variety of MFC architectures has been used in the laboratory. The 

most frequent devices are single and dual chamber cube, dual chambered H-cell 

reactors [94], plate and tube shaped reactors [95-97] and cylindrical reactors [68, 94, 

95, 98]. However, the designs used in the scale-up stage are usually tubular or flat-

plate reactors. On one hand, in tube configurations, a tubular anode is surrounded by 

a separator in order to electrically isolate anode and cathode. The cathode is wrapped 

around the separator. The cylindrical shape is given by the electrodic material used 

such as granular material or flat electrode (carbon clot, felt or veil) into a cylinder, 

cylindrical graphite or carbon fiber brush. Individual tubular MFC modules can be 

connected for further scale-up [99]. In addition to this, this design allows near optimal 

cross sectional dimensions that may be maintained during the scale-up resulting in 

minimal dead space [100, 101]. On the other hand, flat-plate configurations consist 

of rectangular plates in which the separator is sandwiched between the anode and the 

cathode, which are mainly based on carbon materials. When scaling-up, this 

configuration favors the minimization of the electrode spacing, the increase of ionic 

diffusion rates and the reduction of internal resistance [14, 83]. The length of the 

stack can be increased by connecting individual flat plate modules [72].  

During the scale-up process for practical applications, it is important to 

select the operation mode and the more suitable way for the circulation of the influent 

waste streams through the reactor, because can have an important effect on the 

wastewater treament efficiency. MFCs fed in series can produce different substrate 

concentrations and different nutrient compositions available to bacteria as compared 

with reactors connected hydraulically in parallel but also leads to a better utilisation 

of the substrate into electricity [13, 102, 103].  

At this point, it is important to bear in mind that substrate has to be 

considered as the fuel of the MFC, and hence it is a key factor in the scale up process. 

Regarding to the different types of waste suitable for MFCs, there is huge variety of 

wastewater that can be used as substrate for bacteria. This fact allows MFCs to be 

used not only to treat domestic wastewater but also industrial wastewater such us 
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brewery, food processing, sanitary and swine streams, yeast extract, starch, marine 

sediments, organic acids, alcohol, sulfide and algae [8, 35, 86, 104-111].  

Figure 2.6 shows the most relevant substrates used in published papers 

related to MFCs.  

 

Figure 2.6. Types of substrates in aqueous solution used in MFCs [112]. 

It can be observed that nowadays, about the 60% of the studies related to 

MFCs used synthetic substrates. Glucose and acetate account for the 40% of the 

synthetic substrates but the variety of synthetic substrates is very remarkable, 

including fumarate, glutamate and propionate. Industrial wastewater was used in the 

20% of the studies while ethanol in a 7%. The 40% of the total remaining used natural 

substrates, whose sources showed a great diversity: gross domestic wastewater 

(38%), lactate (17%), marine sediments (17%), sewage sludge (7%) and maltose 

(5%) [112]. However, it is important that regardless of the type of organic compounds 

contained in the fuel, it must endowed with a suitable concentration of nutrients, 

adequate pH and conductivity in order to formulate the intended fuel for 

exoelectrogenic bacteria. 

 

2.4. Perspectives of the applicability of microbial fuel cells 

Last but not least in this introductory critical review, it seems clear the 

applicability of the MFC technology in wastewater treatment does not make sense at 
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the light of the power levels reached by this technology nowadays. This does not 

mean that it is not worth to do research on it; it simply means that we are very far 

away from a real application. This applies for other environmental application with 

very good results at lab-scale such as the bioremediation of contaminated soils with 

MFC, for which lab-scale studies point out that bacteria can remove around the 70% 

of uranium in a contaminated underground aquifer with the advantage of electricity 

generation [113]. All those results for sure will be applied in the future, when the 

scale-up problem will be solved. 

 However, this does not mean that this technology could be use nowadays  

for other applications, although it is important to take into account that the energy 

demand should fit to the energy exerted by those devices. One of the most interesting 

applications is to power up sensors for the analysis of pollutants [114, 115], where 

MFC can be used to quantify the organic load or also for the detection of toxic 

compounds. 

The electricity produced by MFCs can be also used for powering other 

technologies: biologically inspired robots, some small electronic devices (mobile 

phone, laptop, TV, coffee maker and so on), illumination or remote devices. Figure 

2.7 shows the variety of fields involved in MFC research.  

It reflects the potential of the implementation of MFCs in our Society, 

specially in the medicine area, in which MFC can be implanted in the human body. 

The MFC uses glucose or other metabolites extracted from the human body fluids as 

fuel. Thus, renewable and long-term power source for implantable biomedical 

devices such as pacemakers or mediators of blood glucose can be a reality. However, 

it is important to solve collateral risks related to health and safety that involves the 

use of microorganisms [116].  

Hence, at the light of the existing literature, there is still a very important 

and bright future for this promising technology although objectives related to 

applicability has to be fixed to the real capacities of the MFCs: short temporal horizon 

for the development of applications involving the powering of small electronic 

devices, whereas very long temporal horizons for full implementation of large 

enviromental remediation applications. In the meantime, a very important effort has 
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to be paid for the optimization of the heart of the technology: the electrochemical 

reactor. 

 

Figure 2.7. Number of publications per subject area (Database: Scopus). 
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This PhD Thesis has been carried out in the Laboratory of Electrochemical 

& Environmental Engineering (E3L) of the TEQUIMA research group in the UCLM, 

and it is included in the Doctorate Program “Ingeniería Química y Ambiental”, which 

is regulated through the Spanish Law RD1393/2007. The E3L-TEQUIMA research 

group has been working in the field of Microbial Fuel Cells since 2006, although 

normalized and well-financed research lines started in 2011. The PhD thesis entitled 

“Energetic valorization and treatment of wastewater through microbial fuel cells; 

Valorización energética y tratamiento de efluentes residuales mediante celdas de 

combustible microbiológicas” was the starting point for the development of this 

technology. It emerged from the idea of recovering the biodegradable organic matter 

contained in wastewater and from the convergence of two consolidates research lines 

of the Department: the acidogenic fermentation of wine industry effluents and the 

development of polymeric membranes based on polybenzimidazole for its 

application in high temperature hydrogen fuel cell stacks.  

The experience gained with that thesis was essential to understand how 

microbial fuel cells work and how they should be scaled up. After the examination 

of the first Thesis defended on 2015, two PhD thesis arose with the aim of creating 

two very different types of devices (one on each thesis) which could attain high 

efficiencies and be scaled-up avoiding energy losses. Both thesis were integrated in 

the EXPLORA project CTQ2013-49748-EXP (“SunLivingEnergy”), supported by 

the AEI (Agencia Estatal de Investigación) of the Spanish Ministry of Economy and 

Competitivity (MINECO) as these two model of cells were the base of the prototype 

aimed to be develop in that project. 

At the outset of the two PhD research works, a considerable number of 

studies about single microbial fuel cells were published. However, only very scarce 

bibliographic information was available about efficient full-scale processes. There 

were only several publications about failed scaling-up, tried to be attained by 

increasing the size of the electrodes and very few studies pointed out the principle of 

miniaturization and multiplication as a promising possibility of success. This 

situation was promoting the weathering of this promising technology, because no real 

demonstration was shown during decades, due to its low efficiency. 
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In this context, the main objective fixed for both thesis, in the frame of the 

EXPLORA project, was to make this technology really feasible by building stacks of 

efficient miniature microbial fuel cells using two different approaches: double 

compartment and air-breathing MFCs. This PhD dissertation was focused on the 

development of the air-breathing technology while the other PhD dissertation studied 

the double-chambered structure simultaneously. Both thesis operated completely 

independent in order to reach faster the best solution in the context of the success of 

the EXPLORA project in only two years. 

Hence, this PhD was set out with the principal goal of developing a simple 

but efficient technology of MFC. For this reason, firstly miniature air-breathing 

microbial fuel cell were designed and constructed. On one hand, the miniature size 

helps to ensure the high efficiency by avoiding unnecessary ohmic loses from the 

electrical point of view and dead volumes from the hydraulic point of view. On the 

other hand, the air-breathing cathode concept simplifies the cell construction, 

operation, manipulation and placement and reduces considerably its cost. Then, the 

miniature air-breathing microbial fuel cell design was optimized to achieve a highly-

efficient unit that was replicated. These MFC replications were arranged in stacks 

(and the stacks in modules) trying to improve significantly the production of 

electricity attainable by the technology. These main steps were divided into more 

specific sequential partial objectives. The most important are: 

 

1. Asses the effect of the selection of bioelectrogenic consortia in the 

performance of an air-breathing microbial fuel cell.  

2. Evaluate and improve the design and operation of the electrochemical 

reactor using a miniature setup to select the best conditions and parameters to 

achieve highly-efficient reactors.  

3. Evaluate the performance of the substrate used as carbon source by 

microorganisms (fuel of the MFC) in order to determine advantages and 

drawbacks of different types of fuels and select the best candidate. 

4. Scale-up of the air-breathing MFC technology selected according to the 

results obtained in the development of the previous objectives.  
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In order to meet these objectives, the following experimental planning was 

outlined:  

 

1. Assessment of the selection of bioelectrogenic consortia as the key to get 

superb performance in the electron donation. The sludge age controls 

most of the biological processes but it was hitherto considerate irrelevant 

in microbial fuel cells. For this reason, in this work it has been tried to 

demonstrate that this parameter governs also the growth and prevalence 

of electrogenic bacteria. To do this, a sludge age sweep was carried out 

using different anodic materials (carbon paper and carbon felt). 

Furthermore, an evaluation of the influence enrichment methods on the 

development of electroactive microorganisms was also carried out.  

2. Assessment of the electrochemical reactor to optimize its performance 

through the study of the main materials: electrodes materials and 

membrane. On one hand, the anode must be biocompatible to ensure the 

maximum electron transfer rate from the bacteria to the anode. For this 

reason, many carbonaceous materials (some of them doped with metals) 

with different geometries and porosities were tested. On the other hand, 

the cathode must enhance the reduction reaction and does not behave as 

the limiting stage of the overall process, so the load of Pt catalyst 

deposited on the cathode surface was exhaustively studied. Regarding to 

the membrane, many publications pointed out the increase of the internal 

resistance and in the construction costs with its use and the worse 

performance with its absence. In this Thesis, the attention was only 

focused on achieving high efficiency devices despite the cost by 

monitoring the evolution of the performance in presence and absence of 

a Nafion PEM. 

3. Selection of the best fuel through the study of the influence of the 

substrate on the development and electron donation ability of the 

microorganisms. Experimental studies were carried out to evaluate the 

viable range of wastewater types. 

4. Study the scale-up process through the principle of “miniaturization and 

replication”. The previous objectives were focused on the optimization of 
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miniaturized MFCs to be replicated in this section with the aim to arrange 

them in stacks. In first place, stacks of 1, 2, 5, 8 and 16 MFCs were 

evaluated focusing on the electrical and hydraulic connection to deepen 

in the stacking process. Having done that, 7 stacks of 16 mini-MFCs were 

built up leading to a big module of 112 MFCs in order to optimize the 

electrical connection to achieve the highest performance and to 

demonstrate its application by lighting a strip with 220 LEDs for several 

days. 
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4.1. Experimental set-up 

This PhD Thesis faces the development of highly efficient MFCs. To do 

that, a miniaturized MFC was designed, built, operated and optimized to achieve its 

maximum efficiency. Then, this MFC was replicated to create a stack of cells and, 

then, a module of stacks in order to improve the electricity generation. This section 

gives all the relevant general information about the setups and methodology used in 

the different studies. 

 

4.1.1. Microbial fuel cell 

The basic design of the MFC used in all the chapters of this PhD thesis was 

the one described below, which consists of an air-breathing cathode MFC, 

sandwiched as reported Figure 4.1.  

 

 

Figure 4.1. Scheme of the standard MFC. 

 

The MFC consisted of 4 methacrylate pieces (HIFRAME PVC, Spain) 

(5.0x5.0x0.4 cm). The first piece contained two vertical parallel orifices (diameter of 

0.3 cm) used as inlet and outlet of the anodic chamber. The fuel solution used in this 

work, wastewater, was fed from the botton to the top. The second piece was 

mechanized with an orifice that led to the anodic chamber (totalizing a volume of 

0.346 cm3). Then, the anodic electrode, which was generally carbon felt with a 

thickness equal to the width of the plate (0.4 cm), was placed in the third plate leading 

to a contact surface of 0.866 cm2 with the fuel on one side and with the PEM 

membrane on the other side. The fourth frame was used to ensure the assembly by 
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pressing the membrane and the whole structure. This leads to a set-up with minimal 

electrode spacing, equal to the membrane thickness (183 µm). In addition, the fourth 

plate had a hole of 0.866 cm2, which allowed the cathode to be exposed to the 

atmosphere. All the frames were assembled by means of four screws. 

The key components of the cell are the electrodes. The anode was made 

generally of carbon felt (Sigracell® GF6EA) with the following characteristics: 

specific area of 35.3 m2 g-1 and 17700 m2 m-2, areal weight of 500 g m-2, porosity of 

95% and roughness of 30 µm. The cathode was made of carbon paper type 

Freudenberg C2 (Fuel Cell Products) with a thickness of 225 µm, 135 g m-2 of basic 

weight, 70 s of permeability, 16 N m-1 of tensile strength and a 10% of teflon content. 

In addition, the cathodic surface was modified with a catalytic layer of                            

0.5 mg Pt cm-2.  

Anodic and cathodic electrodes were connected externally with a stainless 

steel wire connected to an external load of 120 Ω. This resistance was selected 

according to the state of the art of the technology, because higher external resistances 

may overwork electrogenic bacteria while lower external resistances resulted in a 

higher biomass production, a higher kinetic capacity and higher current and power 

generation but avoids compact biofilm formation with less active biomass [1-3]. 

Conductive silver epoxy paste (ITW Chemtronics CW2400-RS Components) was 

used externally to ensure the electrical contact between the wire and the electrode 

and to avoid damage to the microorganisms.  

To separate the anodic and cathodic compartments, it was used a proton 

exchange membrane (PEM) type N117 Nafion (DuPontTM Nafion PFSA 

Membrane) with the following characteristics: thickness of 183 µm, basis weight of 

360 g m-2, 0.1 S cm-1 of electronic conductivity and 0.95-1.01 me g-1 of ionic 

conductivity. The cathode was hot presed to the membrane at a temperature of        

105º C and pressure of 1 ton for 15 min [4]. The modifications made due to the 

optimization process and stacking will be explained in the corresponding chapters. 

 

4.1.2. Operation mode  

Figure 4.2 shows the scheme of the experimental set-up used in the different 

tests carried out in this PhD Thesis. 
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Figure 4.2. Scheme of the experimental set-up. 

 

The experimental set-up consists of an auxiliary anodic tank of 115 mL, 

closed to the atmosphere, which contains the seed and the fuel (synthetic wastewater). 

The wastewater was continuously recirculated to the MFC by a multichannel 

peristaltic pump (Heindolph 5201) at a flow rate of 3 mL min-1. In addition, the tank 

was maintained under complete mixed conditions to favour the homogeneity and 

mass transport. Every day, a defined volume was replaced by fresh synthetic 

wastewater in order to maintain the required sludge age (2.5 days, generally). Thus, 

the system operates in semi continuous mode being fed once a day. However, 

according to this description and analyzing long periods of time, the system may be 

supposed to behave as a continuous stirred tank reactor (CSTR). 

 

4.2. Materials, methods and procedures 

 

4.2.1. Microbial culture enrichment  

Depending on the test, conventional activated sludge taken from the aerobic 

reactor of a WWTP or sludge taken from an ongoing MFC was used to seed the 

MFCs [5]. The origin of the sludge will be indicated in each chapter. In order to 

obtain a good microbial distribution throughout all the system, the auxiliary tank was 

seed with sludge and it was recirculated to the anodic chamber during a day. To 

ensure similar initial sludge properties, the sludge collected from the WWTP was 
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decanted during a day and left without aeration before being used. In the case of using 

sludge from an ongoing MFC, the tank was seed directly with the effluent of the 

anodic chamber of a MFC previously operated. The second day, 50 % of the sludge 

in the tank was removed and fresh sludge was added and recirculated the whole day. 

The third day, the same procedure as the second day was carried out. The fourth and 

successive days, the volume according to an estimated sludge age (2.5 days, 

generally) was removed and replaced by fresh synthetic wastewater. This procedure 

was carried out generally in the tests described in most of the chapters. In case of 

having followed a different procedure, it will be indicated in the section of materials 

and methods of the corresponding chapter. 

 

4.2.2. Feedstock 

Synthetic wastewater was used as feedstock in order to avoid changes, typical 

in actual wastewater, which may lead to changes in microbial population and in the 

MFC performance. It is important to highlight that substrate is considered here more 

a fuel than a wastewater to be treated. The solution was prepared in the laboratory 

with reagents of analytical grade from Sigma Aldrich and Panreac. The most 

important carbon source studied was acetate because of its simplicity, easy 

assimilation by bacteria and for being the final product of different metabolisms [6]. 

It is also important to remark that the main characteristic of the feedstock is its 

concentration, around 10000 mg COD L-1. It has been demonstrated that high 

concentrations do not affect negatively the electrogenic microorganisms when using 

mixed culture [7, 8] and presents several benefits reported in literature [9-14]. In 

addition, this excess guarantees COD availability at any moment and opens the 

opportunity of its implementation in any industry regardless of the organic 

concentration of its effluents.  

The most typical fuel used had the following composition: 14.50 g L-1 of 

sodium acetate, 2.77 g L-1 of sodium carbonate, 1.11 g L-1 of potassium dihydrogen 

phosphate, 1.25 g L-1 of calcium chloride, 0.92 g L-1 of hexahydrate magnesium 

chloride, 1.85 g L-1 of ammonium sulphate and 0.07 g L-1 of ferric ammonium 

sulphate. After its preparation, and in order to avoid its degradation, it was sterilized 

in an autoclave JP Selecta (Spain) at 105º C for 30 minutes. Any modification of the 

composition will be indicated in the corresponding chapter.  
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4.2.3. Electrodes and membrane preparation 

Clean brand new electrodes were treated with acetone and then, were dried in 

an oven at 150º C for an hour. After this procedure, the anodic electrode was ready 

to be used but the cathodic electrode required the addition of a catalytic layer of Pt. 

The Freudenberg C2 carbon paper was endowed with a microporous layer to favors 

the Pt deposition.  

The deposition of the catalytic layer was carried out through airbrush 

technique. First of all, the ink was prepared adding the right proportions to ensure the 

desired composition (0.5 mg Pt cm-2). The ink consisted in the catalyst (40% w/w of 

of platinum on carbon black Vulcan XC-72), the polybenzimidazole (PBI) solution 

(20 times less than the amount of coal existing in the metal) and N,N-

dimethylacetamide as solvent. The preparation took two steps. The first one was a 

sonicating (JP Selecta, Spain) stage of the vial, containing up to half its volume the 

catalyst and the solvent, for 45 minutes. Then, PBI solution and solvent, which favors 

the dissolution, were added to the vial and complete its total volume. It was sonicated 

for 45 minutes. The ink was deposited on the electrode with an airbrush, while the 

electrode was placed in a steel plate at 130º C until it reached a weight that 

corresponds with a layer of 0.5 mg Pt cm-2. Once the deposition was finished, the 

electrode was subjected to a calcination process at 190º C for 2 hours favouring the 

solvent evaporation. Finally, and in order to provide the electrode with a suitable 

conductivity, 10% w/w phosphoric acid was added and left drying at room 

temperature for 12 hours. 

Regarding to the membrane, it was pretreated by immersing the membrane in 

four different boiling solutions. The first step was the immersion 30% v/v H2O2 

solution, followed by rinsing with milliQ water. Then, the membrane was submerged 

in 0.5 M H2SO4 and finally, in milliQ water. Each step lasted one hour. 

 

4.2.4. Physical-chemical characterization techniques 

During the experimentation, the daily purges from the anodic reservoir to 

maintain the required sludge age were used as samples. Furthermore, additionally 

low volume samples (2.5-5.0 mL) were collected to follow the daily cycles 

behavior without interfering with the operation. pH, conductivity, turbidity and 

suspended solids were measured just after collecting the samples. Then, samples 
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were filtered using Nylon filters of 0.45 µm and stored at -4 ºC until carrying out 

all other analysis.   

 

i. pH 

The pH measurement were carried out by using selective membrane 

electrode with liquid electrolyte. The potential between the reference electrode and 

the ion glass selective electrode was determined by the pHmeter. The evolution of 

the pH was followed with a pHmeter Crison GLP 22 (Crison Instruments, Spain). It 

was calibrated with standard pH solutions of 4.01, 7.00 and 9.21 units before the 

measurements.  

 

ii. Conductivity 

The conductivity is a measurement of the capacity of an electrolyte solution 

to conduct ions. The resistance of a solution between two electrodes at a fixed 

distance when applying an electric field between both was measured with a 

conductimeter Crison Basic 30 (Crison Instruments, Spain). 

 

iii. Turbidity 

Taking into account that the synthetic wastewater was completely 

cristalline, the turbidity of the samples were mainly related to the suspended 

microorganisms, which can be found as planktonic population or/and detached from 

the biofilm.  The measurements consists of the comparison between the intensity of 

scattered light by the sample at defined conditions and the intensity of scattered light 

by a blank (MilliQ water). The equipment used was a spectrophotometer Hach 

DR/400U (Hach, USA) at wave length of 860 nm and the intensity of scattered light 

at 90º of the incident light was measured. 

 

iv. Total Suspended Solids (TSS) 

The determination of the TSS was carried out according the Standard 2540 

D [15]. This analysis leads to the concentration of suspended matter in the anodic 

reservoir and was carried out by gravimetry. The procedure consists of the evaluation 

of the difference of weight before and after vaccum filtration of a known sample 

volume using glass microfiber filters of 0.45 µm. These filters were previously dried 
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at 105º C for 24 h and were free of grease and dust in order to avoid disturbances. 

After filtering, the samples were dried at 105º C during 24º C. The concentration of 

suspended solids is calculated with Equation 4.1, where Wd represents the weight of 

the sample dried, Wf is the weight of the filter and Vf is the volume filtered. 

 

𝑇𝑆𝑆 =
𝑊𝑑−𝑊𝑓

𝑉𝑓
     [Equation 4.1] 

 

v. Chemical Oxygen Demand (COD) 

COD is a measurement of the oxygen concentration required to chemically 

oxidise substrates contained in a sample. Thus, this parameter can be used to 

determine the pollution of water. It is expressed in miligrames of COD per litre (mg 

COD L-1). Previously to place the sample in the vial test, it was filtered with Nylon 

filters of 0.45 µm to measure the dissolved organic matter without interference from 

microorganisms.  Its determination is carried out according the Standard 2540 D 

through colorimetry [15]. COD Merck cuvette tests in the ranges of 25-1500 and 50-

90000 mg COD L-1 were used. This procedure is based on the oxidation of the organic 

matter with potassium dichromate as oxidant in the presence of both sulfuric acid and 

silver ions as catalysts. Chlorides are masked with mercury sulfate. To do this, a 

define volume of sample according to the concentration range of the test (3 mL for 

25-1500, 0.1 mL for 50-90000) is placed in the cuvette, shaked and digested in a 

thermoreactor Velp ECO-16 (Velp Scietifica, Italy) at 148º C during 120 minutes. 

Then, is left to cool at room temperature for 90 minutes and the COD concentration 

is measured in a spectrophotometer Pharo 100 Spectroquant (Merck, Germany). For 

the determination of the organic matter removed, the following Equations 4.2-4.3 are 

used: 

 

𝐶𝑂𝐷𝑟𝑒𝑚𝑜𝑣𝑒𝑑 =  𝐶𝑂𝐷𝑖𝑛𝑙𝑒𝑡 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 − 𝐶𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒  [Equation 4.2] 

 %𝐶𝑂𝐷𝑟𝑒𝑚𝑜𝑣𝑒𝑑 =
𝐶𝑂𝐷𝑖𝑛𝑙𝑒𝑡 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟−𝐶𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑂𝐷𝑖𝑛𝑙𝑒𝑡 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
  [Equation 4.3] 

 

 These equations were also applied to the COD measurements during the 

monitorization of daily cycles. In these cases, small volume samples were taken 

during the day and at the end of each discontinuous cycle, with the purge, before 
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feeding with raw synthetic wastewater. It is important to take into account that this 

value of COD at the end of the daily cycle tends to a steady-state value, within long-

periods, just as it could be expected for a continuous stirred tank reactor (CSTR) 

because of the time constants of the systems (eq. 4.4.).  

 

 𝑞𝑆0 − 𝑞𝑆1 + 𝑟𝑉 = 𝑉 
𝑑𝑆1

𝑑𝑡
   [Equation 4.4] 

 

Where S0 and S1 represent the influent and effluent COD, respectively, V the 

solution volume, r the mineralization rate, q the ratio between the amount of solution 

fed every day and t the time. 

 

vi. HPLC 

The HPLC (Agilent Technologies, Germany) was used in the determination 

of metabolic intermediates such as formiate, lactate, etc. The main characteristics of 

the working method are described below [16]: 

- Column oven temperature: 25º C 

- Mobile phase: buffer at pH 2 (aqueous solution 20 mM NaH2PO4 and 

H3PO4). Flow: 1 mL min-1. 

- Column: Zorbax SB-Aq 4.6 x 150 mm 5-microm (Agilent) 

- Detector: UV-DAD at detection wavelength of 210/8 nm while the 

reference wave length as 360/80 nm. 

- Calibration every time the mobile phase was changed. 

- Previous filtration of the sample with Nylon filters of 0.27 µm. 

 

vii. Ionic chromatograph 

The identification and quatification of the inorganic ions was carried out in 

an ionic chromatograph (Shimadzu LC-20A, Germany). The method for the 

determination of anions (phosphate and nitrate) includes: 

- Column: anionic columun IC I-524A. 

- Standard pressure: 0.9-1.1 MPa. 

- Mobile phase:  aqueous solution 2.5 mm phthalic acid at pH 4. Flow: 1 

mL min-1. 
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- Previous filtration of the sample with Nylon filters of 0.27 µm. 

 

4.2.5. Electrochemical characterization techniques 

Techniques used to characterize the electrochemical performance of the 

MFCs during the experiments time are described in this Section. 

 

i. Daily output current density  

The daily output current density was calculated from the voltage measured 

in a Keithley 2000 voltameter datalogger (RS- Components, Spain) as the difference 

of potential between the two terminals of a resistance of 120 Ω.  The multimeter was 

linked to a multichannel scanner (Model 2000-SCAN, Keithley). Data were recorded 

digitally every 5 minutes and registered in a computer. Ohm’s law was used to 

determine the current (I) at each external load value (I = V/R, where V and R are the 

voltage and the resistance, respectively). The current density was calculated by 

dividing the current by the surface area of the anode. 

 

ii. Open Circuit Voltage  

The open circit voltage (OCV) is the difference of potential between the two 

terminals of the MFC operated under open circuit conditions (I=0). It is the maximum 

achievable voltage. It was measured with a potenciostat/galvanostat AUTOLAB 

PGSTAT30 (Ecochemie, Netherlands).  

 

iii. Polarization and power curves 

The polarization curves represent the voltage values versus current values 

for every external load and were carried out with a potenciostat/galvanostat 

AUTOLAB PGSTAT30 (Ecochemie, Netherlands) and GPES software, in 

potentiodynamic mode according to the following method: 

- Cathodic electrode was working electrode and sensor. 

- Anodic electrode as reference electrode and counter electrode. 

- Polarization started after leaving the MFC in open circuit for 120 

minutes. 

- Potential scanning from the OCV to 0.001 V. 

- Scan rate of 1-0.5 mV s-1. 
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- Pretreatment stage of 4 minutes. 

- 3 scans per polarization curve to ensure reproducible results. 

The polarization curves allow the determination of the maximum current 

density and also the OCV. The maximum current density is achieved when the 

voltage is 0.0 while the OCV is obtained when the current density is nil.  

Power curves are the representation of the power (or power density) versus 

the current (or current density) and are obtained from the polarization curves. The 

power (P) was calculated by using Joule's Law (P = I·V). Power density was 

calculated by dividing the power by the surface area of the anode. The power curve 

describe a concave parabola, whose vertex is the maximum current density. In 

addition, the internal resistance (Rint) is also an interesting parameter. It can be 

calculated from the slope of the straight line interpolating the relation between the 

potential and current on the voltage/current density plane or through Jacobi´s 

Theorem (Equation 4.5). This theorem points out that a fuel cell operated under an 

external load equal to its internal resistance performs at its maximum power.  

 

𝑅𝑖𝑛𝑡 =
P𝑚𝑎𝑥

(𝑗𝑃𝑚𝑎𝑥)2   [Equation 4.5] 

 

Where Pmax is the maximum power and jPmax is the current density for the 

maximum power. 

 

iv. Electrochemical impedance spectroscopy 

The contributions from each part of the MFC to the total electric resistance 

can be determined by impedance tests. The analysis is based on the measurement of 

a transfer function. The impedance (alternating current-AC) is considered analogous 

to the internal resistance (direct current-DC) and describes the electrical resistance of 

an AC circuit. In electrochemical systems, the impedance depends on the frequency 

of the applied signal. The frequency of an AC system is expressed in Hertz (Hz) or 

number of cycles per second (s-1). The impedance magnitudes are the result of the 

transfer function defined by an input signal and the corresponding output signal. The 

input signal corresponds to a low voltage while the output signal is measured from 

the phase angle and current or potential amplitude for each frequency. Mathematical 
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models can be used to describe the impedance of a system through complex numbers, 

which are defined by a real and an imaginary components, associated with square 

root of -1. Impedance results can be presented with the Nyquist or Bode Diagram. 

The Nyquist diagram has been used in this PhD thesis and represents the impedance 

with a real part (X-asis) and an imaginary part (Y-asis) describing a semicircle. Each 

point of the semicircle is the impedance at a defined frequency. The impedance in 

the high frequency limit is the ohmic resistance and the semicircle represents the 

polarization resistance or load transfer resistance due to the kinetics [17, 18]. 

Complete cell impedance tests were carried out with a 

potenciostat/galvanostat AUTOLAB PGSTAT30 (Ecochemie, Netherlands) and 

FRA software, according to the following procedure: 

- Cathodic electrode was working electrode and sensor. 

- Anodic electrode as reference electrode and counter electrode. 

- Potential applied equal to the OCV. 

- Amplitude equal to 10% of the OCV. 

- Frequency range of 10 kHz -1 mHz. 

- Previously leaving the MFC in open circuit for 120 minutes. 

- Pretreatment stage of 5 minutes. 

- 3 scans per impedance to ensure reproducible results. 

In order to obtain the contributions of each part of the MFC to the total 

resistance, the data is fitted to an equivalent circuit, being the two used in this work 

shown in Figure 4.3.  

 

 

Figure 4.3. Complete cell equivalent circuits to determine the resistances of the MFC elements 

through impedances.  
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Equivalent circuit in Fig 4.3.a consists of an ohmic resistance component 

(Rohm), due to membrane, and a polarization component (Ranode+cathode), due to transfer 

resistances between anode and cathode and electrolyte resistance, in parallel with a 

constant phase element (CPE). This component simulate the no ideal behavior of the 

distributed capacitances, which are typical of porous electrodes [19]. The equivalent 

circuit shown in Fig 4.3.b consists of a component of anodic polarization resistance 

(Ranode), an ohmic resistance component (Rohm), a component of cathodic polarization 

resistance (Rcathode) and two constant phase elements in parallel with Ranode and 

Rcathode.  

 

v. Cyclic voltammetry 

Cyclic voltammetry (CV) is a standard tool in electrochemistry [20] and has 

regularly been exploited to study and to characterize the electron transfer interactions 

between microorganisms or microbial biofilms and microbial fuel cell anodes [21-

24]. CV tests were carried out with a potenciostat/galvanostat AUTOLAB 

PGSTAT30 (Ecochemie, Netherlands) and GPES software, using a conventional 

three-electrode technique under turnover conditions. The method followed is 

described below: 

- Reference electrode: silver/silver chloride (Ag/AgCl) or saturated 

calomel reference electrode (SCE). 

- Start potential at 0.005 V. 

- Ranges: -0.4 to 0.5 V and -0.6 to 0.3 V. 

- Scan rate of 0.005 V s-1. 

- Previously, the MFC was left in open circuit for 120 minutes. 

- Pretreatment stage of 5 minutes. 

- 3 scans per CV. 

During the experiment, CV of the bacterial cell suspension were recorded 

by introducing the reference electrode (Ag/AgCl) in the anodic reservoir. Placing the 

reference electrode next to the biofilm was not possible due to the configuration of 

the MFC. However, at the end of the experiment it was possible to investigate the 

behavior of the attached biofilm by extracting the anodic electrode. It was connected 

to a platinum wire into a common electrochemical cell, temperature conditioned at 

25°C, housing a SCE reference electrode and a platinum counter electrode. A volume 
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of 100 mL of fresh synthetic wastewater was used as electrolyte in every experiment, 

purged with N2 gas for at least 15 min before operation.   

 

4.2.6. Coulombic efficiency 

The relationship between exerted current and COD consumption by 

microorganisms can be defined as the coulombic efficiency (CE) [25]. This 

parameter can be evaluated by taking into account the relationship between the COD 

removal rate and the theoretical current intensity. Therefore, the CE is defined as the 

ratio between the total quantity of charge actually transferred from the substrate to 

the anode and the maximum possible charge transferred if all the substrate removal 

generated current. The CE can be determined by integrating over time the charge 

actually transferred divided by the stoichiometric theoretical value as shown in 

Equation 5.6.  where M is the oxygen molar mass, I is the intensity of the electrical 

current exerted by the MFC, t is the time, n is the actual electrons transferred (in this 

case 4 mmol of e- per mmol of COD), F is the Faraday constant (96485 C mol-1 e-), 

Vanodic is the anodic volume and rCOD the COD removal rate. 

 

CE =  
M·∫ I

t
0 ·dt

n·F·Vanodic·rCOD
  Equation [4.6] 
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5.1. Introduction 

There is a rather large number of environments that exhibits 

“electrochemical activity” and in which MFCs have been tested, including sediments 

in lakes, rivers or seas, garden compost leachate, iron rich soils, living rice plants, 

salt marsh, acid hydrometallurgical environments among others (Table 5.1). 

 

Table 5.1. Electrochemical activity of various environments. 

Enviroments MFC Carbon 

source 

Electrode 

materials 

Perfomance  

(A m-2) 

Ref. 

Anaerobic lake 

sediment 
BMFC Acetate 

Carbon fiber 

bursh 
0.125 [1] 

Deep-ocean coldseep BMFC - Graphite rod 0.085 [2] 

Volcanic lake BMFC Acetate 
Carbon 

paper 
0.2 [3] 

Anoxic marine marsh 

sediment 
SC MFC Acetate Graphite 0.2 [4] 

Beach sand SC MFC Acetate 
Graphite 

plate 
0.6 [5] 

Mangrove SC MFC Acetate 
Cylindrical 

graphite rod 
10.27 [6] 

Natural marine 

biofilm 
SC MFC Acetate 

Graphite 

plate 
2.6 [5] 

Saline microbial mat SC MFC Acetate 
Cylindrical 

graphite rod 
4.45 [6] 

Salt marsh SC MFC Acetate Carbon felt 85 [7] 

Acidic river SMFC - Graphite 3.5 [8] 

Aquaculture pond 

sediment 
SMFC Cellulose 

Graphite 

plate 
0.02 [9] 

Freshwastewater 

aquaculture sediment 
SMFC - 

Graphite 

plate 
0.03 [10] 

Acid 

hydrometallurgical 

mining process 

waters 

TC MFC - 
Graphite 

plate 
0.043 [11] 

River sediments TC MFC Glucose 
Carbon 

paper 
3.5 [12] 

Sea sediment TC MFC Glucose 
Carbon 

paper 
2.8 [12] 

Hydrocarbon 

contaminated soils 

Air cathode 

MFC 
Phenol Carbon felt 0.18 [13] 

Anaerobic solids SC MFC Acetate 
Cylindrical 

graphite rod 
9.15 [6] 

Garden compost 

leachate 
SC MFC Acetate Carbon felt 9.9 [14] 

Iron rich soils SC MFC Acetate 
Cylindrical 

graphite rod 
2.33 [6] 

Living (rice) plant SMFC 
Hogland´s 

solution 

Graphite 

granules 
0.12 [15] 

Silt-rich soil TC MFC Lactate Graphite felt 0.375 [16] 

BMFC: Benthic microbial fuel cell; SC MFC: Single chamber microbial fuel cell; TC MFC: 

Two chambers microbial fuel cell; SMFC: Sediment microbial fuel cell. 
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 The variety of these environments gives an idea of the huge number of 

potential applications of the MFCs and also of the diversity of electrogenic bacteria, 

known and, perhaps, of the large number of bioelectrogenic microbial communities 

still unknown.  

Geobacter and Shewanella are known as the electrogenic bacteria par 

excellence [17] and they are frequently the primary bacteria genera contained in 

electrogenic biofilms. For this reason, studies carried out with pure cultures tend to 

select them in order to enrich the anodic chambers. However, the use of mixed 

cultures is more practical from the maintenance and operational costs point of view 

[18-20], although it may require more time to obtain a stable power output [21]. This 

type of cultures presents a better adaptative capacity, owing to microbial diversity. 

Furthermore, not only the genera dominating the system contributes to the electricity 

production, but also those that can be found in lower concentrations. Accordingly, in 

addition to Geobacter and Shewanella, other species belonging to the phylum of 

Proteobacteria, Bacteroidetes, Chloroflexi and Cyanobacteria have been found 

typically in biofilms of MFCs [3, 22]. In addition, other genera have shown 

electrogenic activity such as Desulfuromonas [23-26], Arcobacter, Bacillus, 

Pseudomonas, Cronobacter, Desulfobacter [27], Clostridium [28, 29], Lactococcus 

[30], Aeromonas [31], Propionicimonas and Azospira [32]. 

Attending to this information, the composition of the biological seed used 

in MFCs is undoubtedly one of the most important factors in the electricity 

production with MFCs [33]. In the literature, it has been stated that the steady state 

composition of the microbial culture in MFCs depends on many factors such as the 

inoculum seed, temperature [34], pH [35] and fuel fed to the MFC [24, 36-41]. 

Among them, a parameter with a great influence on biological processes is the sludge 

age or solid retention time [42], because it acts as `the driving force´ of the microbial 

populations selection and because it also affects the total amount of microorganisms 

(expressed typically in mass of total suspended solids) contained in the system. 

 To regulate the sludge age in suspended culture processes, the sludge purge 

flowrate is manipulated. Therefore, the presence of suspended electrogenic 

microorganisms in the biological culture of a MFC depends on their growth and the 

rate at which they are purged from the system. Microorganisms unable to grow in the 

defined sludge age are washed-out, allowing only the growth of fast growing 
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microorganisms in the liquid bulk. Table 5.2 points out the growth rate of various 

genera of microorganisms. For example, Shewanella oneidensis has a growth rate of 

0.085-0.04 h-1 while Geobacter sulfurreducens develops at 0.037 h-1 so under the 

same conditions, S. oneidensis requires less time to grow than G. sulfurreducens. On 

the same way, microorganisms that consume organic matter without generating 

electricity can be washed from the system if their growth rate is slower than those 

that generate electricity. 

 

Table 5.2. Growth rate various microorganisms. 

Bacteria µ (h-1) Ref. 

Aerobic microorganisms 1.29-2.84 [43] 

Facultative microorganisms 0.160-0.048 [44] 

Clostridium populeti 0.16 [45] 

Anaerobic Aeromonas hydrophila 0.15 [46] 

Clostridium butyricum 0.11-0.07 [47] 

Shewanella oneidensis 0.085-0.04 [48] 

Rhodoferax ferrireducens < 0.04 [49] 

Geobacter sulfurreducens 0.037 [50] 

 

In biofilms-based processes, the meaning of the sludge age is slightly 

different, because there is no direct relationship between the sludge purged and the 

control of the biofilm population. In turn, in these processes, cells in the mother layers 

grow, but once all attachment sites are saturated, any daughter cells are shed into the 

fluid producing the phenomena of biofilm detachment from the solid support. The 

detachment does not depend on the purge of the liquid, but it depends on the thickness 

and on the shear stress underwent by the biofilm. Therefore, the purge affects only to 

the consortia detached from the biofilm. However, it is also important to take into 

account that the enrichment process in MFCs is frequently carried out recirculating 

the sludge to induce the suspended bacteria to adhere and to form the biofilm on the 

surface of the anode. It means that the biofilm growth can be indirectly controlled by 

regulating the microorganisms growing in the liquid bulk. 

MFCs are complex processes which combine the outcome of both 

suspended and fixed cultures [18]. Processes on the anode surface can be directly 

produced by microorganisms fixed on it, so the electron transfer can occur via 

physical contact bacteria-anode [51, 52] or via nanowires through the extracellular 

electron transfer at a considerable distance from the electrode, which allows thicker 
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electroactive biofilms [53]. However, not only microorganisms attached to the anode 

are the main responsible of the energy generation, but also suspended bacteria 

through the transformation of the substrate into redox mediators, facilitating the 

diffusional pathways [54]. 

Thus, in the search of methodologies capable of rising the efficiency of 

MFCs, the control of the sludge age seems to be a good choice because of the highly 

sensitive response of the bio-electrochemical devices [55]. For this reason, the first 

part of this Chapter is focused on evaluating exhaustively the role of the sludge age 

over the performance of MFCs.   

On the other hand, the sluge age regulates the growth of electrogenic 

bacteria but the effectiveness in the selection of an electrogenic bacterial community 

depends strongly in the origin of inoculum and in the enrichment process. For this 

reason, a large number of inoculation strategies have been tested over time, such as 

the dilution of a biofilm sample taken from a pre-existing MFC [56], different sludge 

sources [57], feeding a co-substrate either simultaneously or sequentially [58], heat 

treatment [59, 60], pH modification or/and ultrasonication [61], acidophilic pre-

treatment [62] and fixing an anode potential [21, 63, 64], among others.  

Hence, it is possible to conclude that the inoculation step can drastically 

affect the performances of MFCs. In particular, it would be necessary to select some 

simple and cheap inoculation procedures that can allow improving the power 

production of MFCs. In this context, the second part of this Chapter explores the 

potential of simple and inexpensive initial operations to achieve an efficient bacterial 

selection, favoring the exoelectrogenic ones over the others. 

 

5.2. Objectives and scope 

The capability of a MFC to produce electricity depends on a successful 

biofilm formation and electron donation from the microorganisms to the anode, 

minimizing energy losses in its transport, which in turn depends on how electrogenic 

is the population of microorganisms contained in the MFC. The main goal of this 

Chapter is the achievement of an active, efficient, resistant and reproducible 

electrogenic culture.  

Taking into account the premises stated in this Section and in order to 

achieve the global aim, the following partial objectives were set: 
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- Evaluation of the influence of the sludge age in the performance of MFCs. 

To do this, sludge ages in the range of 1.4 to 10.0 days were evaluated, 

during the start-up stage and during the steady state operational periods, 

in order to select the optimal sludge age to favor the development of 

electrogenic bacteria. Then, the reproducibility of the optimal condition 

for different anodic materials was checked. Finally, the relationship 

between performances of the MFC and the type of populations contained 

in the biological culture were assessed through the characterization of the 

microbial community.  

- Assessment of the efficiency of simple and inexpensive inoculation 

processes in order to achieve an efficient electrogenic culture selection. 

 

5.3. Materials and methods 

 

5.3.1. Evaluation of the influence of the sludge age on the performance 

of MFCs 

In this Section, five different fed-batch MFCs were simultaneously seeded 

and operated under different sludge ages: 1.4, 2.5, 5.0, 7.4 and 10.0 days. In order to 

operate the MFCs under the different sludge ages, the anodic reservoir was purged 

on a daily basis and the volume removed was replaced by fresh wastewater. The 

purge implemented in each MFC was obtained according to Equation 5.1, where 

Vreactor is referred to the sum of the volumes of the anodic reservoir and the anodic 

chamber and Qpurged indicates the volume of the anodic chamber to be removed daily. 

 

 Sludge age (d) =
Vreactor (mL)

Qpurged (mL/d)
   [Equation 5.1] 

 

In this work, the MFC can be considered to be operated as a completely 

stirred tank reactor (CSTR). Because of that, the sludge age was controlled by the 

volume of suspension daily purged from the reservoir. At this point, it is important 

to bear in mind that the wash-out phenomenon could take place because the 

microorganisms that do not grow fast enough are not able to compensate the lost 

caused by the purge and, consequently, they are removed from the system. In other 
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words, only the cells presenting maximum specific growth rates higher than the 

dilution rate (D) are able to survive in the system. For the steady state CSTR 

operation, the dilution rate is the reciprocal of the hydraulic residence time (τ). 

Taking into account the absence of a settler, the hydraulic residence time match the 

sludge age according to Equation 5.2, where F is the flow rate and V represents the 

volume. 

 

F/V=D=1/τ    [Equation 5.2] 

 

Because the influent feed was sterile, the growth of the different microbial 

populations can be controlled by changing the dilution rate. The growth rate can be 

modelled by Monod kinetic (Equation 5.3) model, where µ represents the growth 

rate, µmax is the maximum specif growth rate, K is the half-saturation constat and C 

the substrate concentration. 

 

𝐷 = µ = µ𝑚𝑎𝑥
𝐶

(𝐾𝑠+𝐶)
   [Equation 5.3] 

 

Therefore, only the species presenting growth rates higher or equal to the 

dilution rate are able to growth in the system.  

Regarding to the experimental set-up description, the main MFCs 

characteristics and the operation mode can be found in the Section 4.1. The 

differences between the standards described in the Section 4.1 are set out below. 

For the study of the start-up stage (Section 5.4.1) and during the steady state 

operational periods (Section 5.4.2), Toray Carbon Paper (Fuel Cell Store, Texas, 

USA) with 10% of Teflon was used as anodic material in the five MFCs. The MFCs 

were initiated with 5.8 g L-1 of sodium acetate as sole carbon source (4000 mg COD 

L-1), supplemented with trace materials: 0.26 g L-1 of sodium carbonate, 0.18 g L-1 of 

ammonium sulfate, 0.11 g L-1 of potassium dihydrogen phosphate, 0.09 g L-1 of 

magnesium chloride, 0.07 g L-1 of calcium chloride and 0.02 g L-1 of ferric 

ammonium sulfate. At the beginning of the test (Stage I), the anodic reservoir, which 

had a volume of 115 mL, was filled with 1% v/v of activated sludge from a 

conventional aerobic WWTP and 99% v/v of synthetic wastewater. In subsequent 
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stages, the inoculum percentage was increased up to 10% v/v (Stage II) and the 

medium organic load was 2.5 times the initial one (Stage III), therefore containing 

14.5 g L-1 of sodium acetate (10000 ppm of COD), so the corresponding trace 

minerals and the volume of the inoculum was proportionally increased. These last 

conditions were maintained for the experiments exposed in the Section 5.4.2, in 

which the steady state operational period was evaluated, and in the Section 5.4.3, in 

which the optimization of the performance by changing the sludge age was carried 

out. 

In order to check the reproducibility of the optimal condition selected in the 

Section 5.4.3 regardless of the anodic material and taking into account that the 

biofilm performance is affected by the material used as anodic electrode, in the 

Section 5.4.4 the carbon paper anode (plane geometry) was replaced by a carbon felt 

anode (3D geometry). The carbon felt used in this work has a specific area of 35.3 

m2 g-1 and an areal weight of 500 g m-2, a porosity of 95% and a roughness of 30 µm. 

To get comparable results, five different MFCs were started-up and operated 

simultaneously during 41 days under different sludge ages, which were selected 

according to the previous tests:1.4, 2.5, 5.0, 7.4 and 10.0 days. The volume that must 

be removed on a daily basis from the auxiliary tank of 50 mL according to the 

established sludge age and replaced by fresh synthetic wastewater was calculated 

according to Equation 5.1. The synthetic wastewater composition can be found in the 

Section 4.2.2 as well as the enrichment metholody in the Section 4.2.1, which was 

carried out with the same sludge from an ongoing MFC. It is important to highlight 

at this point that every MFC was maintained in all the tests under conditions of 

agitation to favour the homogeneity and mass transport. 

Finally, in the Section 5.4.5 the relationship between performances of the 

MFC and the type of populations contained in the biological culture were assessed 

through the characterization of the microbial community. The characterization of the 

microbial consortia was a post-morten study and was carried out with the Illumina 

technique. The analysis involves both, the suspended bacteria and the biofilm 

bacteria of the MFCs studied in the previous the Section 5.4.4. Due to the design of 

the MFC and how delicate is the biofilm, the bacteria analysis was carried out at the 

end of the experiment. 
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Samples were collected from biofilm and suspended fractions of each MFC 

after 40 days of operation. For suspended samples, a total volume of 5 mL was 

centrifuged at 5630g during 10 minutes and for biofilm samples, the same procedure 

was followed but the surface of the electrode was previously scraped. The 

supernatant obtained in both cases was removed from samples and the resulting pellet 

was finally stored at -20°C until DNA extraction procedures. 

The extraction of genomic DNA (gDNA) material was performed according 

to manufacter’s protocol within E.Z.N.A Soil DNA Kit (Omega-Biotek).  For this 

purpose, 1 mL of each stored sample was used. Concentration and purity of the 

resulting gDNA samples were determined by measuring absorbance at 230, 260 and 

280 nm wavelength in a Nanodrop 2000 spectrophotometer (Thermo Scientific). 

According to the A260/230 and A260/280 calculated ratios (data not shown), all 

gDNA samples were not contaminated by RNA or humic acids after extraction 

procedures. DNA content was measured in a Qubit 3.0 fluorometer (Life 

Technologies) in each sample before libraries preparation.  

Preparation of 16S rRNA gene libraries was performed from 0.2 ng/μL of 

individual gDNA samples. Indexed primers targeting the v4 hyper-variable region of 

the 16S rRNA gene were selected for Illumina amplicon sequencing application. 

Amplification conditions for 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 

806R (5’-GGACTACHVGGGTWTCTAAT-3’) primer pair used were: 30 seconds 

of denaturing stage at 95ºC, 28 cycles of annealing stage, where steps at 95, 55 and 

72 ºC were successively performed during 30 seconds; and the final elongation stage 

at 72 ºC during 5 minutes, resulting in libraries of 16S amplicons which were 

multiplexed in a Nextera XT Index Kit (provided by Illumina) and sequenced on a 

MiSeq Sequencer 2x300 bp paired-end run, in the genomic department of the 

Fundación para el Fomento de la Investigación Sanitaria y Biomédica de la 

Comunidad Valenciana (FISABIO). 

Raw data retrieved from Illumina sequencing was sequentially processed 

through the following pipeline: first, the prinseq-pl algorithm [65] was applied at the 

trimming stage, within a quality-threshold of 30 and a window length of 12 bp. The 

trimmed paired-end reads were joined with default parameters of fastq-join [66], and 

chimeras were excluded after the application of the UCHIME algorithm [67]. 

Taxonomic assignment was carried out up to genera level, applying a confidence 
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threshold of 0.8, in the Ribosomal Database Project’s Classifier tool release 2.11 [68]. 

Relative abundances and population analysis were obtained by means of R software. 

 

5.3.2. Influence of the inoculation methodology on the performance of 

MFCs 

In order to study the effect of the nature of the initial sludge (aerobic or 

anaerobic sludge) and the enrichment procedure, four different MFCs were started-

up simultaneously with the same materials and the same environmental conditions as 

the ones described in the the Section 4.2.1. The experimental set-up and MFCs are 

built up according the Section 4.1 and carbon felt was used as anode. The inlet 

organic load was 7500 mg L-1 of acetate and the synthetic wastewater was prepared 

as it was described in the Section 4.2.2. The initial sludge was taken from the aerobic 

and anaerobic reactors, respectively, of Ciudad Real WWTP (Castilla La Mancha) 

[69]. The sludge was decanted for a day. Subsequently, an initial sludge solution was 

obtained by mixing 50% of decanted sludge and 50% of the supernatant wastewater 

to ensure the same initial sludge concentration without depending on the 

environmental conditions that can water or thicken the sludge. The daily basis is 

detailed in Table 5.3. It is important to highlight that after the enrichment time, the 

bacteria was treated in order to work under a sludge age of 2.5 days due the good 

results obtained. To get 2.5 days of sludge age, 46 mL of the anodic liquid was 

removed and replaced by fresh wastewater every day of operation. 

In the Table 5.3, the nomenclature indicated the percentage in volume of the 

sludge age and the origin. On one hand, the number indicates the percentage in 

volume of the sludge. On the other hand, the letter A.S refers to aerobic sludge while 

N.A.S refers to anaerobic sludge (non-aerobic sludge). Regarding the aerobic sludge, 

the percentages were selected in order to study the extreme cases and the intermediate 

situation. The percentage of 100% of sludge was selected to ensure the presence of 

electrogenics, as it was checked previously that works well, while the 10% was also 

tested with interesting but not great results. 
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Table 5.3. Enrichement procedures 

 MFC_100A.S MFC_10A.S MFC_50A.S MFC_100N.A.S 

Day/ 

Procedure 

 

Start with 100% 

v/v of aerobic 

sludge 

 

Start with 10% 

v/v of aerobic 

sludge 

Start with 50% v/v  

of aerobic sludge 

(intermediate case) 

Start with 100% 

v/v of 

anaaerobic 

sludge 

1St 

100 mL Total 

reservoir volume. 

100 mL fresh 

aerobic sludge (50 

mL decanted + 50 

mL supernatant). 

 

100 mL Total 

reservoir volume. 

10 mL fresh  

aerobic sludge 

(Decanted) + 90 

mL synthetic 

wastewater. 

100 mL Total reservoir 

volume. 50 mL fresh  

aerobic sludge (25 mL 

decanted + 25 mL 

supernatant) + 50 mL 

synthetic wastewater. 

 

100 mL Total 

reservoir volume. 

100 mL fresh 

anaerobic sludge 

(50 mL  

decanted + 50 

mL supernatant). 

 

2nd 

and 3rd 

50 mL withdrawn 

and replenish with 

fresh aerobic sludge 

(25 mL decanted + 

25 mL supernatant). 

50 mL withdrawn 

and replenish with 

synthetic 

wastewater. 

 

50 mL withdrawn. 

Replenishment with  

25 mL of fresh  

aerobic sludge (12.5 

mL decanted + 12.5 

mL supernatant) +  

25 mL of synthetic 

wastewater. 

 

50 mL  

withdrawn and 

replenish with 

fresh anaerobic 

sludge (25 mL 

decanted + 25 

mL supernatant). 

4th 
Every cell starts standard feeding with the synthetic wastewater and a  

sludge age of 2.5 days. 

 

Aside from the polarization curve, the electrochemical characterization was 

completed with cyclic voltammetries, which were carried out at the end of the 

experiment. The MFCs were opened to investigate the behavior of the attached 

biofilm. The anodic carbon felt was extracted and connected to a platinum wire into 

a common electrochemical cell, in which a SCE electrode and a platinum counter 

electrode were placed. The electrochemical cell was conditioned at 25° C. A volume 

of 100 mL of fresh synthetic wastewater was used as electrolyte in every experiment, 

and it was previously purged with N2 gas for at least 15 min before operation.  

Voltammetries were carried out in the range of -0.6 to 0.3 V at a scan rate of 0.005 

V s-1.   
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5.4. Results and discussion 

 

5.4.1.    Influence of the sludge age on microbial fuel cell start-up 

Figure 5.1 reports the time changes in the influent and effluent COD in each 

of the five MFCs (a) and the production of electricity in terms of current density (b) 

during the test.  In this Figure, the three main stages of the experiment have been 

identified. 

In the first stage, the start-up of the MFCs was carried out with a 

concentration of 4000 mg COD L-1 and with a very small amount of inoculum (1% 

v/v). Results point out that COD was removed almost totally, especially at high 

sludge ages, probably due to the lower volume of microorganisms washed-out. 

Although microorganisms degrade the substrate effectively, the concentration of 

electrogenic ones was likely to be very low. Indeed, no relevant production of 

electricity was obtained (values under 0.02 A m-2 for all the sludge ages adopted). 

Initially, these results can be explained in terms of the low concentration of inoculum 

seeded (1% v/v) and its source, the aerobic reactor of a conventional WWTP, in 

which a very low content of electrogenic microorganisms was expected. 

Furthermore, the depletion of the organic matter, due to the semicontinuous operation 

mode, makes continuous electricity production difficult. Anyhow, the slight 

production of electricity since the first day operation suggests that these types of 

electrogenic microorganisms are contained in raw activated sludge, although their 

role in the biological processes of conventional WWTPs is obviously negligible. 

In order to increase the electrogenic population in the MFC, and hence to 

try to speed up the start-up process, a second inoculation was made to the five MFCs 

the 10th day. In this second inoculation, the re-inoculation was carried out maintaining 

the set-up without any modification but the percentage of inoculum was increased 

from 1% v/v to 10% v/v. After the second inoculation, the COD removal was 

enhanced, reaching very low effluent values at all the sludge ages tested, because of 

the increase in the biomass concentration. Furthermore, the higher the sludge age, the 

higher the concentation of COD removed, because high sludge ages allows the 

survival of a major variety of microorganisms as the volume washed out from the 

system is lower. 
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Figure 5.1. (a)  Evolution of the COD concentration in the anodic reservoir of air-breathing 

MFCs operated under different sludge ages and in closed circuit conditions. Data is an average 

of three measurements and error bars represent the standard deviation (STDV). (b) Electricity 

generated by air-breathing MFCs operated under different sludge ages and in closed circuit 

conditions. Data is the average of 24 hourly monitored and error bars represent its STDV. 

Symbols correspondence: (○) Sludge age of 1.4 days; (♦) Sludge age of 2.5 days; (▲) Sludge 

age of 5.0 days; (□) Sludge age of 7.4 days; (●) Sludge age of 10.0 days; (*) Feed.  
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However, once again, no significant increase in the electricity generation 

was observed after one week of operation, which indicates that this strategy again 

fails to efficiently produce electricity. At this point, it is important to remark that only 

the MFC seed with a sludge age of 10.0 days showed a slight increase in the current 

generation. Obviously, the population contained in the MFC was in large part non-

electrogenic, but the amount of microorganisms contained was sufficient to deplete 

the organic substrates contained in the fed fuel solution. Because of the lack of 

organic substrate, it was difficult for the electrogenic microorganisms to compete 

efficiently, in particular taking into account the origin of the seeded sludge [44, 47-

50, 70]. Because of that, it was decided to increase the concentration of COD from 

4000 to 10000 ppm in Stage 3, in order to give electrogenic microorganisms more 

opportunities to grow in this system.  

The later change of the Stage III had the expected positive effects. Both the 

COD consumption rate and the production of electricity increased with the sludge 

age. Thus, in the stage output current values were 0.032, 0.061, 0.065, 0.069 and 

0.153 A m-2 for the sludge ages of 1.4, 2.5, 5.0, 7.4 and 10.0 days, respectively. The 

COD consumption rate, which takes into account that the MFC operates in semi-

continuous mode, was 1.01, 1.36, 1.01, 1.77 and 1.72 g COD L-1 d-1. As can be seen 

from these results, COD removal was not directly coupled with electric current 

generation by the MFC, especially because the electrogenic bacteria would have 

consumed the COD more slowly than other generas. This different behavior has to 

be explained in terms of the competition of electrogenic and non-electrogenic 

microorganisms for the acetate.  

It is worth mentioning that the three typical phases of electrogenic bacteria 

growth can be observed during the Stages II and III, when the inoculum seeded was 

increased to 10% v/v. These phases [71] are listed below and are focused on the 

higher sludge age evolution because of its better performance: 

- Lag phase. It is expected that electrogenic microorganisms start to adapt 

to new conditons without generating electricity and tend to consume the 

minimum amount of organic matter to survive. However, in practice, high 

sludge ages allow the survival of many species of microorganisms that 

deplete the COD.  
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- Exponential phase. In this phase an increase in the electricity generation 

is observed corresponding with the development of the electrogenic 

population. This phase lasted four days.  

- Steady state. After achieving the maximum growth rate during the 

exponential phase, the concentration of microorganisms keeps constant 

generating a constant response in the production of electricity.  

The great variety of generas in the biomass makes the evaluation of the 

Coulombic Efficiency (CE) necessary. This parameter can be evaluated by taking 

into account the relationship between the COD removal rate and the theoretical 

current intensity [42]. From the exerted current, an estimation of the percentage of 

COD consumed to produce electricity could be obtained. In this way, the CE of the 

experiments can be determined, ranging its value in this work from 0.037 to 0.100%, 

corresponding the highest values with the highest sludge ages. In general, the values 

obtained for the CE in this work were very low, especially when they are compared 

to values obtained in other works previously published in relevant literature [42]. 

This indicates that although the promotion of electrogenic microorganisms is 

attained, some processes are limiting the optimum performance of the electrogenic 

culture.  

The increase in the electrogenic activity with the sludge age can be 

explained by considering the higher microbial growth in the MFC seed at larger 

sludge ages, which favors the proliferation of the slow-growing electrogenic 

microorganisms. As an example, in the particular case of two well-known 

electroactive microorganisms (Shewanella and Geobacter), it has been reported a 

maximum growth rate of 2.4 d-1 [48, 50, 72], whereas other anaerobic non-

electrogenic microorganisms present higher maximum specific growth rate values 

[44, 73]. The different growth rates would lead to mixed cultures, with higher 

presence of electrogenic microorganisms when operating at high sludge ages.  

As explained before, the MFCs were daily fed by replacing the volume 

purged with fresh medium. This procedure generated daily profiles in both COD and 

current, which stabilize over long periods due to the different time constants of the 

processes involved (from a process-dynamic point of view). Thus, changes within 

long periods of time, such as those applied in the tests carried out in this work, have 

to be evaluated, considering that the MFC behaves as a CSTR. In turn, in order to 
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evaluate performances over short periods of time (a time scale of hours), such as the 

daily changes of the COD, it is better to consider the MFC as a discontinuous system. 

Because of that, Equation 5.4 can be used to determine the COD removal, where r is 

the mineralization rate, V represents the solution volume and t corresponds to the 

time. 

𝑟𝑉 = −𝑉
𝑑𝐶𝑂𝐷

𝑑𝑡
   [Equation 5.4] 

 

In order to evaluate these behaviors, the cycles obtained by the MFC under 

a sludge age of 5.0 days are shown in Figure 5.2.  

 

Figure 5.2. (a) Daily cycle profiles of the air-breathing MFC operated under a sludge age of 

5.0 days and in closed circuit conditions during Stage I. (b) Daily cycle profiles of the air-

breathing MFC operated under a sludge age of 5 days and in closed circuit conditions during 

Stage III. Symbols correspondence: (▲) COD concentration; (●) Electricity generation.  

 

a)

b)

0

1000

2000

3000

4000

5000

0

0,02

0,04

0,06

0,08

0,1

0 10 20 30 40 50 60 70

C
O

D
 / 

m
g

 L
-1

C
u

rr
e
n

t 
d

e
n

si
ty

 /
 A

 m
-2

Time / hours

0

2000

4000

6000

8000

10000

12000

0

0,02

0,04

0,06

0,08

0,1

0 10 20 30 40 50 60 70

C
O

D
 / 

m
g

 L
-1

C
u

rr
e
n

t 
d

e
n

si
ty

 /
 A

 m
-2

Time / hours



 

CHAPTER 5: SELECTION OF THE BIOELECTROGENIC MICROBIAL CONSORTIA  
 

 

 
90 

The performances over the Stage I (almost no electricity production) and the 

Stage III (phase in which a steady state electricity production is achieved) of the start-

up process are illustrated. In these figures, the current density and the COD profiles 

of three consecutive cycles are presented. It can be observed that during Stage I the 

cycles were almost negligible, as expected, taking into account the low production of 

electricity. As described before, Stage I corresponds to a system with a low biomass 

concentration and with an influent COD of 4000 ppm, for which the electrogenic 

culture was not fully developed. Anyhow, even at these negative conditions for 

electrogenic bacteria, an appreciable difference of about 0.01 A m-2 between the 

maximum and the minimum in the electric current profile was observed indicating 

its presence (in low concentrations). Hence, the COD removed was consumed almost 

exclusively by non-electrogenic microorganisms. Conversely, the conditions of 

Stage III are better for the production of electricity because of the higher 

concentration of microorganisms. As it was mentioned previously, the higher 

concentration of microorganisms was caused by a higher volume of inoculum and 

the higher COD availability. This is reflected on the greater differences observed in 

the current profiles, which increase up to 0.04 A m-2 during the day.  

Regardless of the stage, it can be observed the same trend in both cases: an 

increase in the value of the current density when the system was fed with fresh 

substrate and its subsequent decrease when non-electrogenic microorganisms started 

to compete for the organic matter with the electrogenic ones. 

The profiles observed in Figure 5.2 for the MFC seed at 5.0 days of  sludge 

age were also reproduced in the other four MFCs’ seeds at 1.4, 2.5, 7.4 and 10.0 days, 

as shown in Figure 5.3. In addition to the reproducibility in the daily profiles, it is 

interesting to observe that the higher the sludge age, the more shaped and defined are 

the cycles. The cycles of the MFCs operating under the sludge ages of 5, 7.4 and 10 

days follows the trend previously described which consists of the increase of the 

current when fresh wastewater is added and its decay when the organic matter is 

consumed. It can be observed maximum differences in the instantaneous current 

density with a range between 0.01 A m-2 (sludge age: 1.4 d) and 0.14 A m-2 (sludge 

age: 10.0 d) in one day. This increase is related to the higher production of electricity 

in MFC with increasing sludge age due to the microbial selection previously 

described.  
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The pH is an easy-to-follow parameter that summarizes the effect on the 

mixed liquor of different processes. This parameter influences the metabolism of the 

microorganisms and the mechanisms of electrons and protons generation. The 

changes in this parameter during the experiments are shown in Figure 5.4 for the five 

MFCs tested and they bring up a final important piece of information that can be 

taken from this study.  

 

Figure 5.3. (a) Daily cycle profiles of the air-breathing MFC operated under a sludge age of 

1.4 days and in closed circuit conditions. (b) Daily cycle profiles of the air-breathing MFC 

operated under a sludge age of 2.5 days and in closed circuit conditions. (c) Daily cycle profiles 

of the air-breathing MFC operated under a sludge age of 7.4 days and in closed circuit 

conditions. (d) Daily cycle profiles of the air-breathing MFC operated under a sludge age of 

10.0 days and in closed circuit conditions. Symbols correspondence: (Δ) COD concentration 

during Stage I; (○) Electricity generation during Stage I; (▲) COD concentration during Stage 

III; (●) Electricity generation during Stage III.  

 

Conversely it could be expected that there might be a monotonous trend up 

or down to stabilization, with pH changed in a non-predicted but at the same time 

reproducible way (the same trend in the five cells). The pH showed a descending 

trend during the first stage in the five cells, which was more important in the MFCs’ 
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seed at low sludge age indicating the washing out of the microorganisms and 

evolving to the pH of the synthetic wastewater. This situation reverses in the third 

stage, where the pH increases with time in all the five cells. These changes in the pH 

suggest that the change in the concentration of COD fed to MFCs made in Stage III 

also produces a change in the metabolism of microorganisms, which can help to 

explain the improvement in the electrogenic culture. 

 

 

Figure 5.4. Evolution of the pH in the anodic reservoir of air-breathing MFCs operated under 

different sludge ages and in closed circuit conditions. Symbols correspondence: (○) Sludge 

age of 1.4 days; (♦) Sludge age of 2.5 days; (▲) Sludge age of 5.0 days; (□) Sludge age of 7.4 

days; (●) Sludge age of 10.0 days; (*) Feed.  

 

It is important to mention that the pH ranges between 8.1 and 8.9. This 

interval is the higher limit of  the optimal range of pH for the growth of electrogenic 

microorganisms, which is between 6.5 and 8.5 [74]. Regarding to the conductivity, 

no influence of the sludge age was observed but it increases from about 8 mS cm-1 in 

Stage I up to 11 mS cm-1 in Stage III. This fact can be due to the increase in the 

concentration of COD and nutrients in the third stage.  
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The final part of this Section was to elucidate the role of electron transfer 

mechanisms at the sludges ages studied. In order to do that, sequence batch reactors 

working under the same range of sludge age were operated. Once they reached the 

steady state, the mixed liquor was filtered through a glass fiber filter (45µm) and fed 

to a brand-new air-cathode MFC. The MFC was operated for several days, without 

seeding any microorganisms. In this case, the solution passed the MFC just once (no 

re-circulation) in order to prevent the formation of biofilm over the electrode, with 

the aim to elucidate the effect of potential mediators produced in the biological 

reactors. The goal was to determine how redox species can directly interact with the 

electrode and generate an electrical current.  

Figure 5.5 presents a comparison between the steady-state current density 

generated by the air-breathing MFC and the values obtained when feeding the filtered 

solution containing the mediators. Both trends are similar, with a higher production 

of electricity following the increase in the sludge age, although the use of a 

logarithmic scale was necessary because of the huge difference in the electric current 

produced.  

The large difference in current density observed in the conventional MFCs 

and when the bioreactor’s effluent was fed, clearly indicates a low contribution of 

mediators in the generation of electricity: 7.6·10-6 and 1.92·10-5 A m-2 for the lowest 

and highest sludge age, respectively.  This observation suggests that the main process 

associated with the production of electricity in the microbial fuel cells is the direct 

transfer of electrons to the anode. The current density exerted is five orders of 

magnitude higher. Under a sludge age of 1.4 days, a current density of 0.031 A m-2 

is achieved while 0.15 A m-2 were reached at 10 days of sludge age. This could 

explain the low performance of the microbial fuel cell set-up used in this work, 

characterized by a large volume in the auxiliary tank. In this case, the electrode 

surface-bulk volume ratio was low, which is very unfavorable for the promotion of 

fixed culture processes. Another important point in the comparison of both 

experiments is the different effluent COD concentration after the treatment. Although 

trends are similar, the values are not as similar as expected, clearly pointing out that 

the electrogenic microorganisms growing in the MFC play a significant role in the 

COD consumption. 
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Figure 5.5. (a) Evolution of the percentage of COD removed with the sludge age in air-

breathing MFCs under different operation mode and in closed circuit conditions. Symbols 

correspondence: (□) re-circulation mode; (■) no re-circulation mode. (b) Evolution of the 

electricity generation with the sludge age in air-breathing MFCs under different electron 

transfer mechanisms and in closed circuit conditions. Symbols correspondence: (○) direct 

electron transfer mechanisms; (●) mediated electron transfer mechanisms.  

 

With all this information, it can be concluded that sludge age affects strongly 

to the selection of electrogenic culture in the start-up of a MFC, because it was 

observed that the higher the sludge age, the higher the electricity produced. 

Electrogenic bacteria requires higher sludge ages during the start-up to have the 

possibility to grow in the liquid bulk and then to adhere to the electrode surface 

forming a biofilm without being washed-out from the system. In addition, it is 

recommended high initial percentage of sludge seed and high COD concentration to 

speed up the start-up processes. 
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5.4.2. Influence of the sludge age on MFCs steady-state operation 

Once clarified the role of the sludge age during the start-up operation of the 

MFCs, the aim of the work studied in this Section is to evaluate the effect of the 

sludge age after the start-up process during the stationary operation. As indicated 

in the previous section, the effective start-up process lasted about 11 days (Stage 

III of Figure 5.1). Then, the MFCs continued in operation during 30 additional days. 

The evolution of the electricity generation under closed circuit conditions and of 

the COD concentration during this period are shown in Figure 5.6.  

As observed, as time goes by, an increase in the current density was 

observed when the MFCs were operated at lower sludge ages. Then, during the start-

up an electricity generation of 0.031 A m-2 was achieved operating at sludge age of 

1.4 days, and this value increases up to 0.12 A m-2 in normal operation. This is also 

observed in the other tests carried out at low sludge ages. Once finished this stage, 

the most remarkable is the behavior of the MFC running under a sludge age of 2.5 

days that increased the current density exerted considerable, from 0.061 A m-2 up to 

4.51 A m-2, clearly describing the typical phases of the microorganisms growth 

during this increase. This sludge age is very similar to the growth rate of the 

Shewanella genera, which is 2.4 d-1 [48].  

However, higher sludge ages maintained the electricity generation in the 

same values reached at the end of the start-up.  It points out that effectively, sludge 

ages of 5.0, 7.4 and 10.0 days allowed the electrogenic activity as the volume washed 

out was lower but for the same reason, a great variety of generas were coexisting and 

the competence results in a lower electrogenic performance once a biological culture 

is stablished after the inoculation and start-up. The COD concentration behaves 

similar during the end of the start-up and over the following 30 days, indicating that 

the metabolism was stabilized on day 9th. This affirmation is supported by the similar 

evolution of the pH and conductivity obtained throughout the daily monitorization, 

although it is worth to mention that after a longer period of time, the pH trend was 

better defined: the higher the sludge age, the higher the pH. This observation can be 

probably related to the presence of other generas such as methanogenics at high 

sludge ages. The conductivity fluctuated between 10 and 12 mS cm-1, regardless of 

the sludge age.  
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Figure 5.6. (a) Electricity generated by air-breathing MFCs operated under different sludge 

ages and in closed circuit conditions. Data in as an average of 24 hourly monitored with a 

STDV of 0.02. (b) Evolution of the COD concentration in the anodic reservoir of air-breathing 

MFCs operated under different sludge ages and in closed circuit conditions. Insets: Average 

and STDV related to last 12 days. Symbols correspondence: (○) Sludge age of 1.4 days; (♦) 

Sludge age of 2.5 days; (▲) Sludge age of 5.0 days; (□) Sludge age of 7.4 days; (●) Sludge 

age of 10.0 days; (*) Feed. 

 

Results point out that electrogenic bacteria carried out their metabolism but 

without being the predominant genera at high sludge ages. They may be one of the 

most vulnerable genera compared to those which growth at sludge ages higher than 

3 days such as the aerobic, facultative and anaerobic microorganisms (Table 5.2) 
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leading to greater competition for the substrate, which was completely depleted. 

Conversely, operating at sludge ages lower than 3 days allows the washing out of 

these undesired genera from the anodic reservoir, and therefore electrogenic bacteria 

can multiply optimally. The removal of the undesired genera can be observed in the 

presence of about 6000 mg L-1 of COD in the anodic reservoir. Despite of the benefits 

of low sludge ages, it is important to avoid values below 1.4 days because no 

appreciable electricity generation is observed (Fig 5.1.a), suggesting that electrogenic 

microorganisms were washed out from the system. Good results operating the MFC 

under a sludge age of 2.5 days indicate a time requirement to achieve electrogenic 

activity probably due to a longer lag phase.  

The stability of the systems allows the characterization of the MFC through 

electrochemical measurements, in addition to the monitoring of the main parameters 

of the mixed liquor. For this reason, periodic polarization curves were recorded after 

leaving the MFCs in open circuit conditions for 2 hours. For the sake of clarity, one 

test for each MFC is shown in Figure 5.7. 

Values clearly reflected better performance of the cell operated with a 

sludge age of 2.5 days. This MFC produced a maximum current density of 5.11           

A m-2 and a maximum power density of 0.65 W m-2, while the maximum power 

recorded for the other cells are much lower and they range between 0.0005 and 0.015 

W m-2, more than one fold below, in agreement with the response observed in the 

current produced. In addition, the shapes of the power curve reflect the electrogenic 

behavior of the MFC working at a sludge age of 2.5 days. Despite the lack of 

information at low current densities, the polarization curve of 2.5 days registers the 

expected ohmic losses and mass transfer limitations, playing a more important role 

the last ones due to the steep decrease in the voltage at high current densities. These 

mass transfer limitations are also observed in the rest of the tests, whose polarization 

curves do not describe the typical polarization curve of a MFC, probably because of 

the low concentration of electrogenic bacteria. The similarity in the third zone can be 

an indicative of a lack of endogenous mediators, while the higher currents of the MFC 

of 2.5 days can be attributed to a proper electroactive biofilm. This different 

metabolic pathway that favors the direct donation of electrons is reflected in the low 

value of the internal resistance of this MFC (Table 5.4), obtained from the application 

of the Jacobi´s theorem.  
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Figure 5.7. (a) Polarization curves of air-breathing MFCs operated under different sludge 

ages. Data was recorded at the steady state (day 30). (b) Power curves of air-breathing MFCs 

operated under different sludge ages. Data was recorded at the steady state (day 30). Symbols 

correspondence: (○) Sludge age of 1.4 days; (♦) Sludge age of 2.5 days; (▲) Sludge age of 5.0 

days; (□) Sludge age of 7.4 days; (●) Sludge age of 10.0 days.  

 

Table 5.4. Internal resistance of air-breathing MFCs operated under different sludge ages. 
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The contribution of the sludge age to the efficiency of the system can be 

evaluated through the Coulombic efficiency (Table 5.5). It was calculated according 

to Equation 4.6. 

 

Table 5.5. Coulombic efficiency of air-breathing MFCs operated under different sludge ages. 

Sludge age (days) CE (%) 

1.4 0.037 ± 0.006 

2.5 1.500 ± 0.09 

5.0 0.007 ± 6.25·10-5 

7.4 0.014 ± 6.8·10-5 

10.0 0.018 ± 1.04·10-4 

 

The Coulombic efficiency of 1.5% obtained for the MFC with a sludge age 

of 2.5 days reflects its better performance as compared to the rest of MFCs operated. 

These results show a major contribution of electrogenic microorganisms to the 

degradation of the organic matter.  In conclusion, 2.5 days seems to be the optimal 

sludge age, which must be established in the operation of MFC to develop the 

electrogenic consortia. For this reason and in order to elucidate the performance of 

the MFC undergoing at the best condition of sludge age (2.5 days), a more detailed 

evaluation was carried out (Figure 5.8) in which steady state was also checked. 

It can be observed during the first stage that COD in the effluent increased 

up to a steady state value of nearly 6400 mg L-1, value in which it was maintained 

showing only fluctuations typically associated to biological oxidation process 

(±20%). At this point, it is worth to keep in mind that from the hydrodynamic point 

of view, the MFC device behaves as a continuous reactor in a long-term scenario 

with a short-term discontinuous response. This behavior is caused by daily feeding, 

which produces a daily profile in the concentration of COD in the mixed liquor.  

Hence, this parameter reached the maximum during the daily replacement of the 

volume of mixed liquor with fresh wastewater and then, it decreased over the day 

down to the value shown in the Figure. This fact means that changes within long 

periods, such as the applied in the tests carried out in this work, have to be evaluated 

as if the MFC behaves as a CSTR Equation 4.4. 

In order to evaluate performance over short periods of time (time scale of 

hours), such as the daily changes of the COD, it is better to fit the performance of the 

cell to a discontinuous reactor model. The mass balance over the long-term response 



 

CHAPTER 5: SELECTION OF THE BIOELECTROGENIC MICROBIAL CONSORTIA  
 

 

 
100 

should fit to Equation 4.4, which gives a steady-state value of the COD consumption 

rate of 1.53 g COD d-1 L-1. This value is similar to those reported in the literature for 

analogous devices [75, 76].  

 

Figure 5.8. Evolution of the COD concentration in the anodic reservoir and of the electricity 

generated in air-breathing MFCs operated under a sludge age of 2.5 days and in closed circuit 

conditions. Inset: Average of intermediates concentration. Symbols correspondence: (○) 

Electricity generation; (♦) COD concentration after a day; (x) COD concentration of the feed. 

 

Changes in the electric current produced are related to changes in the COD, 

although they clearly show a time-delay. In this case, the production of electricity 

during the first ten-days period is nil corresponding to the so-called lag phase, and 

then it increases during the exponential phase at a constant rate up to day 32th for 

which, after a small decrease, it meets a steady-state value of about 4.2 A m-2 under 

closed circuit conditions. Changes in the cell voltage over the day (not shown) follow 

the same pattern than changes in the COD (previously described), and value plotted 

in Figure 5.8 corresponds to the current density measured at the end of the feeding 

cycle, before replacing a volume of the mixed liquor with fresh wastewater.  

The composition of the mixed liquor was daily monitored by HPLC, 
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may only be explained by the complexity of the reactions happening in the anode 

chamber of the MFC. Anyhow, from the results obtained, it can be concluded that 

most of the soluble COD of the mixed liquor can be associated to the acetate not 

consumed in the experiment. Regarding composition of other intermediates 

monitored by HPLC, formiate and lactate were identified. During the first phase, in 

which there was no electricity generation, only negligible concentrations of 

intermediates were detected. The exponential phase showed an increase in the 

production of electricity simultaneously to the occurrence of a non-negligible 

concentration of formiate, with an average value of around 6.7 mg L-1. This response 

changed when the system stabilizes, and then the only intermediate found at 

measurable concentration was lactate, with an average concentration with more than 

one fold higher than the reported for formiate in the second phase. Production of 

lactate in a bioreactor fed with acetate was not expected, because lactate is a 

metabolite in the degradation of sugars like glucose but there are no direct metabolic 

pathways that relate it to acetic acid. Hence, this lactate has to be a byproduct in the 

endogenous degradation of microorganisms. There are several organisms, called 

lactic acid bacteria that during their fermentation obtain lactate as end-products. A 

common pathway of the lactate formation is the reduction of pyruvirate. The absence 

of this specie in the HPLC could be associated to a very fast pyruvirate consumption 

process. Because of the cytoplasm of some microorganisms granulations (inclusions 

of cytoplasms of different composition forming accumulations of reserve material 

such as glycogen) are present, the pyruvirate can be obtained by glycolysis of these 

reverse compounds. Its presence is frequent in many generas. Lactic acid bacteria, 

with photosynthetic bacteria, yeasts actinomycetes and fermenting funghi, could be 

present in the mix of effective microorganisms used in wastewater treatment plant. 

Results obtained in this Section points out that the development of 

electrogenic bacteria requires long periods when the MFC is enriched with small 

volumes of activated sludge. It is important to avoid to draw the wrong conclusion 

from the former Section that low sludge ages are not feasible to produce 

bioelectrogenic cultures. Anyway, once formed a bioelectrogenic culture after the 

start-up, the optimum sludge age for operation of the MFC is  2.5 days, short enough 

to wash-out competing bacteria and large enough to allow the supremacy of the 

bioelectrogenic microorganisms in the system. Under this sludge age, the MFC 



 

CHAPTER 5: SELECTION OF THE BIOELECTROGENIC MICROBIAL CONSORTIA  
 

 

 
102 

achieved a constant current density of 4.5 A m-2 under closed circuit conditions and 

a maximum power density of 0.65 W m-2. In addition, the formation of intermediates 

such as formiate and lactate indicates a metabolism pathway that favors the 

electrogenic performance.   

 

5.4.3. Optimization of the performance of MFCs by changing the sludge 

age 

The previous Section pointed out 2.5 days as the optimal sludge age to get 

effective MFC devices, while 1.4, 5.0, 7.4 and 10.0 days resulted in negligible 

electrogenic activity, because of different reasons. Taking into account this, this 

Section is focused on maximixing the performance of the worst devices by modifing 

their operation conditions with a change on the sludge age, a strategy planned to 

attain a complete understanding of this parameter. 

Before doing that, many strategies were tested in the MFC operated under a 

sludge age of 10 days to improve its performance. The first strategy consists of a 

reinoculation with electrogenic microorganisms (Stage II) by adding 46 mL of sludge 

from the anodic reservoir of the MFC working at 2.5 days (day 33) instead of fresh 

wastewater to replace the volume purged. The second strategy was carried out on day 

42 and was based on a change of the sludge age (Stages III and IV): the operational 

sludge age of 10.0 days turned into 2.5 days, which is the optimal one. The time 

course of the current density and the changes in the COD concentration are shown in 

Figure 5.9. 

It can be observed that during Stage I, which was already described in the 

previous Section, the removal of COD is higher and, from a practical point of view, 

COD concentration is completely depleted after each feeding cycle. Thus, the 

removal rate is about 0.990 g COD d-1 L-1, value that it is in balance with the less 

active microbial culture generated at high sludge ages. Over this stage, the production 

of electricity is very low, with average values close to 0.2 A m-2, corresponding to a 

metabolization of only 0.22% of the COD by electrogenic microorganisms.  

In the second stage, in which sludge age from the MFC running under a 

sludge age of 2.5 days was used as inoculum of the anodic reservoir, no 

improvements in the performance of the cell were observed from the day 33 until to 

the day 42. However, it is interesting the behavior observed in the composition of the 
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mixed liquor. In addition to the acetate fed, it was observed small concentrations of 

intermediates formiate and lactate. These concentrations can be initially related to the 

effect of the seeding new electrogenic microorganisms, as these intermediates seem 

to be part of their metabolism.  

 

Figure 5.9. Evolution of the COD concentration in the anodic reservoir and of the electricity 

generated in air-breathing MFCs operated under a sludge age of 10.0 days and in closed circuit 

conditions. Inset: Average of intermediates concentration. Symbols correspondence: (○) 

Electricity generation; (♦) COD concentration after a day; (x) COD concentration of the feed. 

 

After 9 days without any significant change in the response, it was decided 

to decrease the sludge age down to 2.5 (Stages III and IV). This change resulted in 

immediate electricity generation following the typical profile of development of 

electrogenic microorganisms observed in the previous section: a lag phase, which 
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the same pattern than the MFC started at 2.5 days, indicates the reproducibility of the 

system. Furthermore, concentrations of organics detected (in addition to acetate) 

followed also the same patters with: a zone previous to the raise in the electric current  

intensity in which formiate becomes the most significant intermediate and a final 

stage in which lactate is the most important species (in addition to the acetate not 

consumed by microorganisms). 

In order to confirm this behavior, the rest of the MFCs, which worked at 

sludge ages of 1.4, 5.0 and 7.4 days, were subjected to operate under 2.5 days of 

sludge age. A summary of the main results obtained is reported in Figures 5.10 and 

5.11.  

 

Figure 5.10. Evolution of the electricity generated by air-breathing MFCs operated under 

different sludge ages and subjected to operate under a sludge age of 2.5 days. Inset: Time lag 

till exponential increase of the electrical current versus sludge age. Symbols correspondence: 

(○) Sludge age of 1.4 days; (▲) Sludge age of 5.0 days; (□) Sludge age of 7.4 days; (●) Sludge 

age of 10.0 days.  

 

 

STAGE II:

Reinoculation with

sludge of initial 2.5 days

STAGE III:

Operation at 2.5 days

0

0.5

1

1.5

2

0 10 20 30 40 50 60 70 80 90

C
u

rr
en

t
d

en
si

ty
/ 
A

 m
-2

Time / days

0

10

20

30

4 6 8 10 12

T
im

e
 /

 d
a
y
s

Sludge age / days

STAGE I:

Operation with different

sludge ages



ly 

 

TOWARDS THE DEVELOPMENT OF HIGHLY EFFICIENT MICROBIAL FUEL CELLS 
 

 
105 

 

Figure 5.11. (a) Average concentration of intermediates and electricity generation in air-

breathing MFCs operated under different sludge ages and closed circuit conditions at the 

steady state just before the sludge age change into 2.5 days. (b) Average concentration of 

intermediates and pseudo-steady-state electricity generation ir air-breathing MFCs operated 

under different sludge ages and closed circuit conditions 30 days after the sludge age change 

into 2.5 days. Symbols correspondence: (dark grey bars) Formiate; (light grey bars) Lactate; 

(●) Current density. 
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days does not change importantly the electrical performance (0.120 A m-2 before the 

change versus 0.149 A m-2 after the change), probably because the high volume 

purged in this case was completely washed-out the electrogenic microorganisms.  

The predominance of lactate as the key intermediate (primary species 

measured by HPLC in addition to the surplus acetate) when varying the sludge age 

into 2.5 days is really interesting, although there is not a clear relationship between 

the concentration of intermediates and current density. It is difficult to elucidate if 

the presence of this intermediate is due to the reinoculation with sludge from the 

MFC started at 2.5 days, due to the change in the sludge age operation or due to a 

combination of both. On the other hand, the formiate is generated at low sludge ages 

around 1.4 days but it disappeared when the system is turned into a sludge age of 2.5 

days, probably because bacteria that carried out this characteristic metabolism were 

purged from the system. 

 It is important to highlight that the maximum current produced under closed 

circuit conditions is improved with a high-value in the previous sludge age. At this 

point, it is worth to take in mind that values represented do not correspond to steady 

state values but to values recorded after one month of operation of the MFCs, for 

which the 2.5 days of sludge age was kept. This fact is clearly observed in Figure 

5.10, in which it is also of interest to see that the higher the initial sludge age, the 

lower is the time required to activate the electrogenic response (measured as the time 

for which the current started to increase exponentially): 14, 22 and 25 days are 

required for previous sludge ages of 10.0, 7.4 and 5.0 days. This behavior may be 

explained in terms of the presence of a higher diversity of microorganisms in the 

biological culture of MFC operated at high sludge ages, which helps a faster 

adaptation to the conditions of the 2.5 days tests. Inset of Figure 5.11 shows the 

decreasing relationship of this time-lag with the sludge age, pointing out the 

relevance of the microbial diversity on the activation process. 

The evolution of the COD concentration in the anodic reservoir before and 

after the change in the operation mode is shown in Figure 5.12.  

The COD concentration in the anodic reservoir after a day recirculating 

through the system previous to the change in the sludge age was 6546, 212.1, 184.2 

and 170.8 mg L-1 for 1.4, 5, 7.4 and 10 days, while after operating the system under 

2.5 days of sludge age the COD concentration was 5240, 5185, 4685 and 5020           
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mg L-1, respectively. As it can be observed, values of COD in the mixed liquor of the 

MFC achieved the same value obtained in the 2.5 days test, which was 5581 mg L-1. 

It is important to highlight the rapid change in the cells with initial sludge ages 

ranging from 5.0 to 10.0 d from a practically total removal. This fact indicates that 

the systems evolves to the same steady state regardless of the initial starting 

conditions.  

 

Figure 5.12. Evolution of COD concentration in the anodic reservoir of air-breathing MFCs 

operated under different sludge ages and subjected to operate under a sludge age of 2.5 days. 

Symbols correspondence: (○) Sludge age of 1.4 days; (♦) Sludge age of 2.5 days; (▲) Sludge 

age of 5.0 days; (□) Sludge age of 7.4 days; (●) Sludge age of 10.0 days.  

 

Other parameters that provide information about the processes in the system 

are the pH, conductivity (Figure 5.13) and turbidity (Figure 5.14). 

Initially, it can be clearly seen how for the highest sludge age, the MFC 

exhibits a higher pseudo-steady-state of the pH and how the system is led to a 

narrower zone of variation, closer to that obtained for the 2.5 days tests after the 

change in the sludge age. Values of pH of 8.8, 8.6 and 8.5 were obtained with sludge 

ages higher, equal and lower than 5.0 days, respectively, and tend to achieve a pH of 

8.5, similar to the pH of the MFC working at 2.5 days.  
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Figure 5.13. (a) Evolution of the pH in the anodic reservoir of air-breathing MFCs operated 

under different sludge ages and subjected to operate under a sludge age of 2.5 days. (b) 

Evolution of the conductivity in the anodic reservoir of air-breathing MFCs operated under 

different sludge ages and subjected to operate under a sludge age of 2.5 days. Symbols 

correspondence: (○) Sludge age of 1.4 days; (♦) Sludge age of 2.5 days; (▲) Sludge age of 5.0 

days; (□) Sludge age of 7.4 days; (●) Sludge age of 10.0 days. 
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Figure 5.14.  Evolution of the turbidity in the anodic reservoir of air-breathing MFCs operated 

under different sludge ages and subjected to operate under a sludge age of 2.5 days. Symbols 

correspondence: (♦) Sludge age of 1.4 days; (Δ) Sludge age of 2.5days; (○) Sludge age of 5.0 

days; (x) Sludge age of 7.4 days; (♦) Sludge age of 10.0 days; (*) Feed.  

 

Regarding conductivity, the only remarkable point is the sudden increase in 

the value obtained when the sludge age is changed to 2.5 days, which is rapidly 

compensated and which should be explained in terms of the adaptation of the 

microbial cultures to the new conditions. The most relevant information is the 

reproducibility of final conditions, regardless of the initial sludge age conditions. It 

is again pointed out with these two globalizing parameters. 

The last important parameter monitored in the mixed liquor of the MFCs is 

the turbidity, which is related to the microorganisms contained in the bioreactor not 

forming biofilm. Initial presence of biosolids in the wastewater is discarded as the 

wastewater used is synthetic and due to the high shear stress (high flowrate in 

comparison with the diameter of pipes and use of peristaltic pumps). It is expected 

that biomass is not associated in large flocs and hence turbidity can be used as an 

indirect measurement of the population or at least as a first approach. As it can be 

seen in the Figure 5.14, high sludge ages reached turbities around 594 FAU while 

low sludges ages produced turbidity values about 150 FAU. These values are related 
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to the variety of microorganisms that grows up at high sludge ages and to the dilution 

of the microorganisms at low sludge ages due to the volume added daily. After 

carrying out the change in the sludge age, the turbidities monitored in all tests tended 

to approximately the same value (235 FAU), which is very close to the turbidity value 

of 2.5 days. This fact points out once again the reproducibility of the biological 

systems tested, even after undergoing on a change (because of the different sludge 

age applied). 

As a main conclusion, this Section leads to useful knowledge related to 

electrogenic microorganisms of MFCs. It has been demonstrated that the most 

effective performance of the MFC is obtained operating at a sludge age of 2.5 days 

because of the improvement in the performances of the MFCs after changing the 

sludge age to 2.5 days, with the exception of sludge ages below 2.5 days, which 

washed the electrogenic bacteria from the system before the change. Time required 

to activate electrogenic behavior when the sludge age is changed to 2.5 days depends 

on the initial sludge age at which MFC was enriched during the start-up. The higher 

the sludge age, the lower the required lag-time. In addition, lactate was always 

generated when changing sludge ages to 2.5 days and detected simultaneosuly to the 

production of electricity. Finally, regardess of the initial conditions, the anodic 

reservoir evolves to the conditions of the steady state achieved when working at 2.5 

days when the system is led to this sludge age. 

 

5.4.4. Study of reproducibility  

The biofilm formation and the electron donation is affected by the material 

used as anodic electrode, because they are processes that ocurrs on its surface. The 

attachment of the bacteria depends on the suspended bacteria of the anodic reservoir, 

which is regulated in this work by the sludge age. For this reason, this Section 

evaluates if the material of the anode affects the sludge age by replacing the carbon 

paper, which has a plane geometry, for carbon felt, which has a 3D geometry.  

After starting- up five different MFCs, whose anode is based on carbon felt, 

at differents sludge ages, it was obtained that the lag periods were 7.0, 6.0, 9.0, 6.0, 

and 7.0 days for the cells operated with sludge ages of 1.4, 2.5, 5.0, 7.4 and 10.0 days, 

respectively. This means that there are no significant differences in the time required 

for the electrogenic bacteria contained in the sludge seeded to start their development 
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and predominance in the system. The same comment has to be made regarding the 

exponential growth stage, which lasted after 26.0, 25.0, 32.0, 36.0, 30.0 days in the 

cells operated with sludge ages of 1.4, 2.5, 5.0, 7.4 and 10.0 days, respectively. 

Figure 5.15 reports a comparison of the main performance parameters for 

the five MFC tested: electricity generation in terms of current density, efficiency and 

behavior of the anodic reservoir, in terms of COD removal and total suspended solids 

concentation.  

Regarding electricity generation, current densities of 11.42, 15.37, 9.27, 

8.68 and 12.41 A m-2 were obtained for sludge ages of 1.4, 2.5, 5.0, 7.4 and 10.0 

days, respectively. These results allows to conclude that 2.5 days is an optimum value 

for this type of cells regardless of the anodic material.  Futhermore, in the range of 

5.0-10.0 days, the electricity generation increase with the sludge age. It was also 

observed in the test with carbon paper as anode despite of the low values. The trend 

of the current density can also explain the changes observed in the efficiency 

achieved, measured as Coulombic efficiency: 27.8, 51.7, 29.3, 14.2 and 17.2% for 

1.4, 2.5, 5.0, 7.4 and 10.0 days, respectively. These values are significantly higher 

for the five sludge age tested than in the MFCs equipped with the carbon paper 

anodes.  The best performance can be related to the electrogenic seed [42] and to the 

geometry of the material [77], which will be studied in Chapter 6.  

As previously indicated, the more important effect of the purge of 

microorganisms is expected to be in the concentration of suspended microorganisms 

(Fig. 15.b).  The concentration of total suspended solids at the steady state was 1860, 

2045, 2300, 2526 and 2866 mg L-1 for 1.4, 2.5, 5.0, 7.4 and 10.0 days, respectively. 

This trend can be explained because the lower the sludge age, the higher the purge of 

microorganisms, and the lower the concentration of total suspended solids. 

Obviously, this does not affect directly to the microorganisms contained in the 

biofilm, but it informs about serious changes in the bulk of the electrolyte, which can 

help to explain the great differences observed in the production of electricity. 

Another relevant observation is the consumption of COD, which obviously 

increases with the population and it is larger for higher sludge ages, following the 

same trend observed in the previous sludge age test with carbon paper as anode. 
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Figure 5.15. (a) Evolution of the electricity generated and the Coulombic efficiency of air-

breathing MFCs with the sludge age under closed circuit conditions. Symbols correspondence: 

(○) Current density; (■) Coulombic efficiency. (b) Evolution of the behavior of the anodic 

reservoir in air-breathing MFCs with the sludge age under closed circuit conditions. Symbols 

correspondence: (○) Total suspended solids concentration; (■) COD removal rate. Data is an 

average of 5 days of the steady state and error bars represents the STDV.  

 

When comparing with this test, it is important to highlight the removal rate 

in both cases. For example, in the test of the sludge age of 2.5 days, 4000 mg L-1 d -1 

were removed in the test with carbon paper while 731 mg L-1 d-1 were oxidized in the 

test with carbon felt. It can be due to a great selection of electrogenic bacteria, 
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because of the seed and it is also one of the responsible of the high efficiency: 1.5% 

compared to 51.7 %. It means that most of the population in the bulk is electrogenic 

and do not required high amounts of COD to carry out its metabolism. The trend in 

which current and COD consumption changes with the sludge age is completely 

different and informs about the competence of bioelectrogenic and non-

bioelectrogenic microorganisms.  

During the complete experimental time in which the five MFC were 

operated, polarization curves were obtained periodically in each of them, after 

leaving the devices two hours in open circuit conditions. Figure 5.16 shows the main 

parameters obtained from this curves.  

 

Figure 5.16. (a) Evolution of the maximum power density in air-breathing MFCs operated 

under different sludge ages. Symbols correspondence: (○) Sludge age of 1.4 days; (♦) Sludge 

age of 2.5 days; (▲) Sludge age of 5.0 days; (□) Sludge age of 7.4 days; (●) Sludge age of 

10.0 days. Data is obtained from the polarization tests. (b) Evolution of the maximum current 

density and OCV of air-breathing MFCs with the sludge age. Symbols correspondence: (○) 

Maximum current density; (■) OCV. Data is obtained from the polarization tests.  

 

Despite that the performance seems to be stabilized (from the daily voltage 

results under closed circuit conditions), Fig. 5.16.a shows that the capacity for the 

production of power could still be improved after 40 days of operation and how the 

best MFC (that operated at a sludge age of 2.5 days) reached 3.0 W m-2. This is an 

outstanding value for the technology used, as it may be drawn from the comparison 

with the output powers of other similar devices in literature: 1 W m-2 [77],  2 W m-2  

[78-80], 0.1 W m-2 [81-83], 0.6 W m-2 [84, 85], 0.07 W m-2 [86]. As it can be seen in 
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literature, no more than 3 W m-2 has been achieved for most of the MFCs with similar 

characteristics. Only two studies has been found with higher values of power density 

than this work: 6.86 W m-2 with a relation anode/cathode surface area of 1/14 [87] 

and 4.31 W m-2 reached by a glucose fed MFC using 50 cm2 graphite rod as anode.                                                                                               

Regarding the values obtained at the end of the tests in each of the cells, the 

maximum current density values of 32.31, 34.33, 18.07, 28.09 and 22.77 A m-2 and 

OCV values of 0.304, 0.371, 0.294, 0.302, 0.345 V were achieved by MFCs under 

1.4, 2.5, 5.0, 7.4 and 10 days, respectively. At sludge ages higher than 5.0 days, the 

electricity production, in terms of current density and OCV, is enhaced by increasing 

the sludge age while the maximum current attainable at the lowest sludge age is 

almost the same than that obtained a 2.5 days of sludge age. However, the difference 

attending to the operation capacity is higher, so the performance of the 1.4 days MFC 

may being limited by the operational conditions.  

Anyhow, the values of the main electrochemical parameters obtained 

operating at a sluge age of 2.5 days outstand above all the tests. For this reason, and 

following the pattern of the Section 5.4.2, an exhaustive study of the evolution of the 

MFC working at the optimal sludge age is presented below. It is representative of the 

performance of the other four cells evaluated in this Section, in terms of the evolution 

of the parameters under closed circuit conditions. 

 Figure 5.17 informs about the performance under closed circuit conditions 

during the complete duration of the 2.5 days MFC life test. Two different behaviors 

can be detected in terms of the stages in which the changes can be divided: one for 

the current density, with three clearly – differentiated stages and other for the total 

suspended solids and COD consumption, with only two stages. 

About the current density under closed circuit conditions, which is directly 

related with the population of bioelectrogenic microorganisms, it can be observed 

that after a first lag period of less than 6 days, in which the production of electricity 

is almost negligible, the bioelectrogenic culture started its exponential growth stage, 

which was completed in about 30 days. Then, the MFC reached a steady state in the 

production of electricity, reflected in a stationary current density of more than 14 A 

m-2, which corresponds with an outstanding Coulombic efficient of nearly 50%. 
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Figure 5.17. (a) Evolution of the electricity generatedand the Coulombic efficiency in an air-

breathing MFCs operated under a sludge age of 2.5 days and in closed circuit conditions. 

Symbols correspondence: (▲) Current density - data is an average of the current measured 

hourly in a day and error bars represent the minimal and maximum values obtained each day; 

(●) Coulombic efficiency - errors bars represent the STDV. (b) Evolution of the behavior of 

the anodic reservoir in an air-breathing MFCs operated under a sludge age of 2.5 days and in 

closed circuit conditions. Error bars represent analytical STDV. Symbols correspondence: (▲) 

Total Suspended solids concentration; (●) COD removal rate.  

 

This value of CE [77] is the relationship between the current produced and 

the maximum current which can be produced with the total COD consumed. 

Therefore it can be used as an index of the fraction of bioelectrogenic 

0

20

40

60

80

100

0

3

6

9

12

15

18

0 5 10 15 20 25 30 35 40 45

C
E

 /
 %

C
u

u
re

n
t

d
e
n

si
ty

/ 
A

 m
-2

Time / days

a)

0

2000

4000

6000

8000

10000

0

1000

2000

3000

4000

5000

0 5 10 15 20 25 30 35 40 45

C
O

D
 c

o
n

su
m

p
ti

o
n

/ 
m

g
 L

-1
d

-1

S
S

 /
 m

g
 L

-1

Time / days

b)



 

CHAPTER 5: SELECTION OF THE BIOELECTROGENIC MICROBIAL CONSORTIA  
 

 

 
116 

microorganisms that are present in the biological culture. As an important fraction of 

the COD consumed is used not for the production of energy but for the production of 

biomass, this high value can be indicative of the generation of a biological population 

strongly bioelectrogenic and, in addition, with a very low biomass yield. At this point, 

it is important to point out that in the changes of the COD and total suspended solid, 

only two differentiated stages can be discerned (no acclimation as in the production 

of bioelectricity as the inoculum was taken from an ongoing MFC). 

In the first stage, there is a decay in the total population of microorganisms, 

which means that only a small fraction of the initial population of microorganisms 

seeded was able to survive under the conditions applied. In addition, the COD 

consumption decreases very importantly, more than 8 times during this period. 

During the first days, the COD removal rate was about 8000 mg L-1 d-1 while at the 

steady state it was only 800 mg L-1 d-1. It is also interesting to mention that under 

steady state, the system operated under a constant pH of 7.52 and a constant 

conductivity of 15.15 mS cm-1. These values reflects the favourable conditions for 

the electrogenic bacteria development and transfer processes. 

The outstanding development of the bioelectrogenic culture can also be 

appreciated in Figure 5.18 and Table 5.6, where the changes in the polarization curves 

obtained during the life test carried out are shown.  

There are clear shapes in both the V vs j and the W vs j plots, which suggest 

that the sludge seeded contained bioelectrogenic microorganisms, which will act as 

seed of the bigger bioelectrogenic behavior. Comparing the V vs j plots, it can be 

clearly seen how the OCV increases during the operation of the MFC and stabilizes 

after one month of operation. 

The curve of the first day in the zoom indicates that at this moment the 

device electrochemical behavior was not very important. This may indicate that there 

was a negligible presence of catabolites, the formation of the biofilm have not 

occurred and the mechanisms to transfer the electrons has not been developed. With 

increase in the operation time, the slope of the curves decreased, indicating the 

decrease of energy losses and limitations due to the formation of an effectiveness 

exoelectrogenic biofilm. 
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Figure 5.18. Evolution of the polarization and power curve during the life-test of the air-

breathing MFC operating at a sludge age of 2.5 days. Symbols correspondence: (―) First day 

(Zoom in the upper right corner); (---) Day 14 – exponential phase; (---) Day 28 – previous to 

achieve the steady state; (―) Day 40 – Steady state.  

 

Table 5.6. Electrochemical parameters from the polarization curves during the 2.5 days test. 

Day Pmax (A m-2) jmax (A m-2) OCV (V) R int (kΩ) 

0 0.019 0.046 0.263 98.011 

14 1.393 17.819 0.302 0.204 

28 2.065 23.305 0.374 0.166 

40 2.946 34.334 0.371 0.116 

 

An active efficient biofilm ensures the good performance of the electrons 

donation process from the microorganisms to the anode. It is also observed the 

decrease in the internal resistance from 98 kΩ at the start-up up to 116 Ω when the 

system is stabilized. This fact indicates that during the initial period the energy losses 

were due to the inexistence of mechanisms to transfer electrons and due to the 

presence of the membrane, while during the steady state the internal resistance was 

mainly governed by the membrane. It is confirmed by the shape of the polarization 

curves that only discarded activation losses. As a consequence, the maximum current 

density attainable increased during time, reaching a value as high as 35 A m-2, which 

is much higher that the value obtained with carbon paper as anode (5.11 A m-2). The 
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performance of this MFC is very remarkable taking into account the absence of a 

catalyst on the anode that may accelerate the electron transfer. This is clearly seen 

when it is compared with other studies in the literature. A maximum current density 

of 0.8 A m-2 was obtained in a MFC with a carbon felt anode of 25 cm2, a 

carbonaceous cathode with 0.5 mg Pt cm-2 and enriched with mixed culture [81]; 20 

A m-2 reached in a double chamber MFC using anode and cathode of carbon felt 

under the same operational conditions than our study [77]. Other double chamber 

devices reached 4.65 A m-2 and 0.75 A m-2 with an electrode of 0.0113 cm2 of carbon 

felt anode [82, 88]. Likewise, other studies in literature with a different material in 

the anode reflected lower achievable current densities. Thus, an air-breathing MFC 

with 0.16 cm2 of carbon cloth anode reached 0.0073 A m-2 [84], another attained 9.0 

A m-2 with a a similar MFC but increasing the surface area up 7 cm2 [78]. This value 

decreases down to 2.2 A m-2 when carbon paper is used as electrodes [85]. 

This Section has demonstrated that 2.5 days is the optimal value of sludge 

age that maximizes the efficiency of a MFC regardless of the anode nature. It also 

indicates that working at this sludge age enhances considerably the growth of 

electrogenic bacteria and the electricity generation. Taking into account previous 

problems with the initial proportion sludge/wastewater in the Section 5.4.1, a 

different inoculation strategy of starting with 100% of sludge was used and it resulted 

in great improvements in the performances. In addition, due to the necessity of 

increasing the COD concentration of the inlet wastewater, high organic loads were 

fed resulting in a great tolerance.  

 

5.4.5. Characterization of the microbial consortia  

In order to obtain the key that allows the sludge age of 2.5 days to select an 

electrogenic culture over lower and higher sludge ages, a detailed study of the genera 

of the microorganisms contained in the biofilms and in the suspended culture for the 

interval of sludges ages evaluated in this Section. First of all, the role of the Archaea 

and Bacteria dominium was identified in terms of abundance percentage (Table 5.7).   
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Table 5.7. Domain of Archaea and Bacteria in the biofilm and in suspended culture. 

 Biofilm Suspension 

Sludge age Archaea Bacteria Archaea Bacteria 

1.4 d 4.66% 95.34% 0.50% 99.50% 

2.5 d 1.95% 98.05% 0.44% 99.56% 

5.0 d 0.28% 99.72% 0.23% 99.77% 

7.4 d 0.43% 99.57% 0.31% 99.69% 

10.0 d 0.41% 99.59% 0.31% 99.69% 

 

It can be observed that the concentration of Archaea population is higher in 

the biofilm than in the suspended bacteria. This fact can be related to the direct effect 

of the washing in the suspended culture and the indirect effect in the biofilm 

population. This indirect effect allows the growth of Archaea (mainly methanogenics 

species in most of the cases), which can be present in the inoculum, favoured by a 

great isolation because of the total absence of oxygen in the inner regions of the 

biofilm. In any case, the Archaea population percentage is one log-unit below 

Bacteria population and this difference is greater at high sludge ages, what suggests 

a slow growth rate of the Archaea population. This correlates its higher concentration 

in the biofilm with the indirect effect of the purges and with the difficult to coexit 

with a great variety of species.  

Figure 5.19 reports the genera of the Archaea and Bacteria population and 

shows that not pure cultures but very high diversity cultures are involved in the 

processes happening in each of the cell and varies considerably with the sludge age. 

It points out that the sludge age is a good parameter to select populations of 

microorganisms in MFC and can be used to control the type of microorganisms 

contained in the anodic chamber and biofilm of the MFC, as well as in biological 

wastewater treatment processes.  As it can be observed, there is a wide range of 

different genera for Archaea population, as well as for Bacteria population. The most 

relevant ones are presented in Table 5.8, in terms of relative abundance, and in Table 

5.9 in terms of real abundance.  
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Figure 5.19. (a) Relative abundance of detected Archaea genera. (b) Relative abundance of 

detected Bacteria genera. Colum names correspond to the procedence (B-Biofilm;                        

S-Suspension) and the sludge age (1.4 d, 2.5 d, 5 d, 7.4 d and 10.0 d). 
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Table 5.8. Relative abundance percentage of the majority generas in the Archaea and Bacteria 

populations. 

Archaea Biofilm population 

Genus / Sludge age 1.4 d 2.5 d 5.0 d 7.4 d 10.0 d 

Methanosarcina 95.38 86.66 4.17 22.22 32.53 

Methanosphaera 0.10 0.24 1.04 6.35 10.84 

Caldivirga 0.26 0.30 5.21 1.59 7.23 

Methanopyrus 0.53 1.56 14.58 14.29 4.82 

Candidatus Parv. 0.05 0.30 0.00 3.17 3.61 

Methanobrevibacter 0.14 0.30 6.25 4.76 3.61 

Woesearchaeota AR20 0.09 0.48 3.13 1.59 2.41 

Woesearchaeota AR18 0.17 0.18 3.13 1.59 2.41 

Ferroglobus 0.07 0.42 5.21 3.17 2.41 

Woesearchaeota AR16 0.19 0.36 5.21 4.76 2.41 

Thermocladium 0.24 1.56 8.33 3.17 1.20 

Pacearchaeota AR13 0.12 0.06 5.21 1.59 0.00 

Halonotius 0.09 0.06 2.08 6.35 0.00 

Salinirubrum 0.00 0.06 1.04 1.59 1.20 

Woesearchaeota AR17 0.17 0.36 3.13 0.00 1.20 

Candidatus Aenig. 0.22 0.24 1.04 0.00 2.41 

Sulfurisphaera 0.14 0.42 1.04 1.59 1.20 

Methanocorpusculum 0.02 0.06 1.04 3.17 0.00 

Methanimicrococcus 0.03 0.12 1.04 1.59 2.41 

Methanomassiliicoccus 0.05 0.36 0.00 0.00 0.00 

Archaea Suspended population 

Genus / Sludge age 1.4 d 2.5 d 5.0 d 7.4 d 10.0 d 

Methanosarcina 95.38 86.66 4.17 22.22 32.53 

Methanosphaera 0.10 0.24 1.04 6.35 10.84 

Caldivirga 0.26 0.30 5.21 1.59 7.23 

Methanopyrus 0.53 1.56 14.58 14.29 4.82 

Candidatus Parv. 0.05 0.30 0.00 3.17 3.61 

Methanobrevibacter 0.14 0.30 6.25 4.76 3.61 

Woesearchaeota AR20 0.09 0.48 3.13 1.59 2.41 

Woesearchaeota AR18 0.17 0.18 3.13 1.59 2.41 

Ferroglobus 0.07 0.42 5.21 3.17 2.41 

Woesearchaeota AR16 0.19 0.36 5.21 4.76 2.41 

Thermocladium 0.24 1.56 8.33 3.17 1.20 

Pacearchaeota AR13 0.12 0.06 5.21 1.59 0.00 

Halonotius 0.09 0.06 2.08 6.35 0.00 

Salinirubrum 0.00 0.06 1.04 1.59 1.20 

Woesearchaeota AR17 0.17 0.36 3.13 0.00 1.20 

Candidatus Aenig. 0.22 0.24 1.04 0.00 2.41 

Sulfurisphaera 0.14 0.42 1.04 1.59 1.20 

Methanocorpusculum 0.02 0.06 1.04 3.17 0.00 

Methanimicrococcus 0.03 0.12 1.04 1.59 2.41 

Methanomassiliicoccus 0.05 0.36 0.00 0.00 0.00 
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Table 5.8. Relative abundance percentage of the majority generas in the Archaea and Bacteria 

populations (continuation). 

Bacteria Biofilm population 

Genus / Sludge age 1.4 d 2.5 d 5.0 d 7.4 d 10.0 d 

Pseudomonas 31.44 25.23 25.52 14.83 48.11 

Shewanella 26.33 8.28 15.25 14.09 26.19 

Desulfuromonas 6.25 12.79 4.47 3.87 0.98 

Acinetobacter 5.23 9.31 8.32 36.73 0.24 

Conchiformibius 3.12 3.72 0.95 0.10 0.07 

Arcobacter 0.71 4.58 3.47 4.20 0.53 

Desulfobacula 0.79 3.92 0.06 0.24 0.00 

Sphaerochaeta 0.57 2.49 1.16 0.98 0.02 

Acholeplasma 0.11 1.77 0.02 0.33 0.01 

Aminivibrio 1.18 1.43 1.87 0.82 1.62 

Propionicimonas 0.29 1.28 0.03 0.00 0.05 

Syntrophothermus 0.37 0.68 0.49 0.04 0.00 

Solitalea 0.45 0.59 0.07 0.08 0.00 

Cloacibacillus 2.54 2.56 4.03 2.05 1.67 

Lactococcus 0.23 0.04 0.62 0.27 0.66 

Geobacter 0.01 0.03 0.34 0.19 0.04 

Aeromonas 0.00 0.00 0.01 0.01 9.91 

Paludibacter 0.43 1.14 0.90 0.38 0.62 

Dechloromonas 0.15 0.30 1.87 0.68 0.35 

Desulfobacter 0.17 0.15 0.01 0.00 0.00 

Thalassolituus 0.04 1.05 0.01 4.53 0.00 

Bacteria Suspended population 

Genus/  Sludge age 1.4 d 2.5 d 5.0 d 7.4 d 10.0 d 

Pseudomonas 15.42 10.35 7.79 12.05 49.63 

Shewanella 0.87 0.23 2.51 0.16 3.46 

Desulfuromonas 0.53 1.34 0.61 0.30 0.11 

Acinetobacter 5.41 4.86 18.82 20.75 1.33 

Conchiformibius 0.59 0.06 0.55 0.39 0.45 

Arcobacter 31.63 35.98 40.93 44.01 13.06 

Desulfobacula 1.86 6.17 0.58 0.23 0.08 

Sphaerochaeta 2.02 3.21 1.84 1.72 0.00 

Acholeplasma 2.04 3.71 2.08 0.74 0.00 

Aminivibrio 1.71 2.91 1.99 0.85 4.00 

Propionicimonas 3.38 3.93 0.05 0.09 0.04 

Syntrophothermus 1.38 2.61 1.36 0.16 0.99 

Solitalea 1.09 2.06 0.39 0.21 0.00 

Cloacibacillus 0.92 2.04 0.51 1.92 2.79 

Lactococcus 0.04 0.01 0.05 0.00 0.01 

Geobacter 0.14 0.32 0.54 0.81 0.81 

Aeromonas 0.00 0.00 0.00 0.00 0.02 

Paludibacter 0.78 1.37 0.59 0.73 6.19 

Dechloromonas 0.11 0.84 1.65 1.77 1.95 

Desulfobacter 2.64 1.41 0.37 0.00 0.00 

Thalassolituus 15.33 2.66 1.47 0.96 0.12 
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Table 5.9. Real abundance percentage of the majority genera in the Archaea and Bacteria 

populations. 

Archaea Biofilm population 

Genus / Sludge age 1.4 d 2.5 d 5.0 d 7.4 d 10.0 d 

Methanosarcina 4.445 1.690 0.012 0.096 0.133 

Methanosphaera 0.005 0.005 0.003 0.027 0.044 

Caldivirga 0.012 0.006 0.015 0.007 0.030 

Methanopyrus 0.025 0.030 0.041 0.061 0.020 

Candidatus Parv. 0.002 0.006 0.000 0.014 0.015 

Methanobrevibacter 0.006 0.006 0.018 0.020 0.015 

Woesearchaeota AR20 0.004 0.009 0.009 0.007 0.010 

Woesearchaeota AR18 0.008 0.003 0.009 0.007 0.010 

Ferroglobus 0.003 0.008 0.015 0.014 0.010 

Woesearchaeota AR16 0.009 0.007 0.015 0.020 0.010 

Thermocladium 0.011 0.030 0.023 0.014 0.005 

Pacearchaeota AR13 0.006 0.001 0.015 0.007 0.000 

Halonotius 0.004 0.001 0.006 0.027 0.000 

Salinirubrum 0.000 0.001 0.003 0.007 0.005 

Woesearchaeota AR17 0.008 0.007 0.009 0.000 0.005 

Candidatus Aenig. 0.010 0.005 0.003 0.000 0.010 

Sulfurisphaera 0.006 0.008 0.003 0.007 0.005 

Methanocorpusculum 0.001 0.001 0.003 0.014 0.000 

Methanimicrococcus 0.002 0.002 0.003 0.007 0.010 

Methanomassiliicoccus 0.002 0.007 0.000 0.000 0.000 

Archaea Biofilm population 

Genus / Sludge age 1.4 d 2.5 d 5.0 d 7.4 d 10.0 d 

Methanosarcina 4.445 1.690 0.012 0.096 0.133 

Methanosphaera 0.005 0.005 0.003 0.027 0.044 

Caldivirga 0.012 0.006 0.015 0.007 0.030 

Methanopyrus 0.025 0.030 0.041 0.061 0.020 

Candidatus Parv. 0.002 0.006 0.000 0.014 0.015 

Methanobrevibacter 0.006 0.006 0.018 0.020 0.015 

Woesearchaeota AR20 0.004 0.009 0.009 0.007 0.010 

Woesearchaeota AR18 0.008 0.003 0.009 0.007 0.010 

Ferroglobus 0.003 0.008 0.015 0.014 0.010 

Woesearchaeota AR16 0.009 0.007 0.015 0.020 0.010 

Thermocladium 0.011 0.030 0.023 0.014 0.005 

Pacearchaeota AR13 0.006 0.001 0.015 0.007 0.000 

Halonotius 0.004 0.001 0.006 0.027 0.000 

Salinirubrum 0.000 0.001 0.003 0.007 0.005 

Woesearchaeota AR17 0.008 0.007 0.009 0.000 0.005 

Candidatus Aenig. 0.010 0.005 0.003 0.000 0.010 

Sulfurisphaera 0.006 0.008 0.003 0.007 0.005 

Methanocorpusculum 0.001 0.001 0.003 0.014 0.000 

Methanimicrococcus 0.002 0.002 0.003 0.007 0.010 

Methanomassiliicoccus 0.002 0.007 0.000 0.000 0.000 
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Table 5.9. Real abundance percentage of the majority genera in the Archaea and Bacteria 

populations (continuation). 

Bacteria Biofilm population 

Genus / Sludge age 1.4 d 2.5 d 5.0 d 7.4 d 10.0 d 

Pseudomonas 29.979 24.736 25.450 14.766 47.914 

Shewanella 25.106 8.118 15.204 14.034 26.083 

Desulfuromonas 5.962 12.538 4.453 3.852 0.980 

Acinetobacter 4.988 9.128 8.295 36.572 0.243 

Conchiformibius 2.979 3.644 0.951 0.096 0.074 

Arcobacter 0.679 4.488 3.461 4.181 0.530 

Desulfobacula 0.750 3.842 0.060 0.239 0.005 

Sphaerochaeta 0.539 2.441 1.152 0.972 0.020 

Acholeplasma 0.109 1.732 0.020 0.328 0.010 

Aminivibrio 1.128 1.401 1.868 0.814 1.609 

Propionicimonas 0.273 1.252 0.026 0.000 0.050 

Syntrophothermus 0.353 0.670 0.484 0.041 0.000 

Solitalea 0.428 0.578 0.069 0.082 0.000 

Cloacibacillus 2.424 2.514 4.014 2.046 1.659 

Lactococcus 0.224 0.043 0.622 0.267 0.659 

Geobacter 0.010 0.026 0.338 0.185 0.045 

Aeromonas 0.000 0.000 0.006 0.014 9.868 

Paludibacter 0.414 1.118 0.894 0.383 0.614 

Dechloromonas 0.141 0.294 1.865 0.677 0.347 

Desulfobacter 0.161 0.149 0.014 0.000 0.000 

Thalassolituus 0.038 1.027 0.006 4.509 0.000 

Bacteria Suspended population 

Genus / Sludge age 1.4 d 2.5 d 5.0 d 7.4 d 10.0 d 

Pseudomonas 15.342 10.306 7.770 12.008 49.472 

Shewanella 0.862 0.229 2.509 0.155 3.447 

Desulfuromonas 0.525 1.333 0.612 0.301 0.108 

Acinetobacter 5.380 4.843 18.774 20.689 1.323 

Conchiformibius 0.586 0.058 0.547 0.390 0.447 

Arcobacter 31.473 35.819 40.834 43.876 13.023 

Desulfobacula 1.854 6.138 0.583 0.230 0.079 

Sphaerochaeta 2.009 3.195 1.838 1.711 0.000 

Acholeplasma 2.033 3.694 2.072 0.740 0.000 

Aminivibrio 1.705 2.892 1.990 0.851 3.984 

Propionicimonas 3.365 3.909 0.050 0.093 0.044 

Syntrophothermus 1.369 2.594 1.354 0.161 0.982 

Solitalea 1.086 2.054 0.386 0.211 0.000 

Cloacibacillus 0.917 2.027 0.507 1.917 2.778 

Lactococcus 0.044 0.008 0.049 0.000 0.014 

Geobacter 0.137 0.322 0.535 0.804 0.809 

Aeromonas 0.000 0.000 0.000 0.000 0.020 

Paludibacter 0.773 1.366 0.586 0.730 6.174 

Dechloromonas 0.111 0.840 1.644 1.766 1.941 

Desulfobacter 2.626 1.407 0.372 0.000 0.000 

Thalassolituus 15.255 2.652 1.468 0.958 0.120 
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It can be observed that most important dominant bacteria genera seem to be 

Pseudomonas, Acinetobacter, Shewanella and Arcobacter and the most important 

genera of Archaea domain are Methanosarcina, Methanopyrus, Thermocladium and 

Methanocorpusculum. It is important to point out that the ratio between Archaea and 

Bacteria is not maintained constant but depends on the sludge age.  

This is shown in Figure 5.20, where it can be clearly pointed out that 

Archaea population is at least one log-unit below bacteria population. In addition, it 

can be seen that role of Archaea becomes more important at low sludge age, both in 

the biofilm and in the suspension, although ratios are slightly different and they are 

in higher relative abundance in the biofilm. 

 

Figure 5.20. (a) Evolution of the genera relative abundances of Bacteria in biofilm and 

suspension with the sludge age: () Desulfobacula; () Sphaerochaeta; () Desulfuromonas; 

(▲) Solitalea; () Syntrophothermus; () Acholeplasma; (▪) Propionicimonas. (b) Evolution 

of the genera relative of Archaea in biofilm and suspension with the sludge age: () 

Methanocorpusculum; () Methanosphaera; (■) Methanosarcina; () Thermocladium; () 

Methanopyrus.  
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Genera of Bacteria and Archaea detected after amplicon sequencing of 16S 

rRNA gene were faced against the experimental performance described above 

(mainly against the production of electricity). On one hand, the archaeal community 

is dominated by genera involved in methanogenesis. Within the genera detected, the 

relevant ones are Methanosarcina, Methanocorpusculum, Methanopaera, 

Methanopyrus and Thermocladium, not taking part this last one in methanogenesis. 

Literature emphasizes the role of Methanosarcina in the methane production in the 

presence of acetate. Acetate can be converted into CH4 via methyl-H4SPT and via 

methyl-S-Com and CO2 is finally released from the carboxylic group [89] or through 

the reduction of CO2, coming from the oxidation of acetate to CH4 avoiding or not 

the production of H2 as an intermediate step [90]. In case of having a conductive 

support such as carbon cloth (or similar), the metabolism of Methanosarcina to 

produce methane can be enhanced in presence of acetate due to its decarboxylation,  

its capacity to grow slowly in an acetate medium and its ability to accept electron 

from the support [91]. As well as Methanosarcina and Methanocorpusculum genera 

have been reported to be able to generate methane from CO2 and H2 [92]. It can mean 

that Archaea community may have an indirect influence on the generation of 

electricity by carrying out processes than are useful for electrogenic microorganisms. 

It is important to point out that there is a large change in the diversity from the 

microorganisms observed in the mixed liquor and biofilm of the MFCs operated 

under and over 2.5 days. This change may be expected and it demonstrates that many 

phylotypes are washed out at low SRT from both, the mixed liquor and also from the 

biofilm. This observation also points out the strong connection between both cultures 

in each MFC. 

On the other hand, the production of electricity should be mainly related to 

bacteria population. The energy recovery is mainly associated to Shewanella and 

Geobacter in literature [17]. The presence of Geobacter is negligible while the 

presence of Shewanella increases with the sludge age, just opposite to the direction 

in which the production of electricity increases (it can be related to its slow growth). 

But despite of the presence of Shewanella and other known electrogenic genera such 

as Pseudomonas and Arcobacter [27, 93, 94], there was only a small fraction of 

microorganisms whose abundance follows the same trend than the generation of 

electricity. As it can be appreciated in Figure 5.19, the following genus of Bacteria 
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fit well this trend: Desulfurumonas, Solitalea, Syntrophothermus, Acholeplasma, 

Propionicimonas, Sphaerochaeta and Desulfobacula. Their concentration in the 

biofilm and in suspension culture is higher for the 2.5 days MFC. For this reason, 

these genera is proposed in this work as the main responsible of the electricity 

generation despite the contribution of Shewanella, Pseudomonas and Arcobacter, 

which is secondary and compensate the low concentration of the great electrogenic 

microorganisms at high sludge ages. 

  Among the Bacteria selected as the electrogenic microorganisms par 

excellence, despite of being typically a marine microorganism that grows by 

oxidizing acetate under anaerobically conditions, Desulfuromonas acetoxidans are 

known to be susceptible to produce electrogenic activity and has been proved to be 

able to carry out electron transfer to the electrode [24, 95]. The Sphaerochaeta genus 

was detected in microbial electrolizer cells [3, 17, 96] . The action of Sphaerochaeta 

maybe consistent with the probable generation of H2 in the methanogenesis carried 

out by the Archaea domain. On the other hand, the genus of Propionicimonas is 

believed to take part in the mediated transfer through the production of phenazines 

or other soluble electron shuttles susceptible to be used in other metabolic pathways 

[32]. Regarding the other microorganisms detected (Desulfurumonas, Solitalea, 

Syntrophothermus, Acholeplasma, Propionicimonas, Sphaerochaeta and 

Desulfobacula), no information that relates them to MFC has been found in literature. 

It is important to highlight that the abundance of electrogenic genera in the 

biofilm is quite higher than in the suspension, probably due to the washes that the 

suspension of microorganisms experiences in the bulk. It means that suspended 

microorganisms increase the efficiency of the current generation while the electricity 

production is mainly governed by the biofilm, which makes this device more robust 

[97].  

From all these results, it can be concluded that the manipulation of the 

sludge age allows the control of the microorganisms genera developed in the anodic 

chamber directly and the formation of the biofilm, indirectly. 
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5.4.6. Influence of the inoculation methodology on the performance 

of MFCs 

Throughout this Section many enrichment strategies have been carried out 

in order to enhance the electrogenic activity. For this reason, the study of the 

influence of the inoculation process is necessary. 

In order to study the effect of the nature of initial sludge (aerobic or 

anaerobic sludge) and the enrichment procedure, four different MFCs were started-

up simultaneously with the same materials and the same environmental conditions 

Figure 5.21 reports the evolution of the electricity generation over 30 days.  

 

 

Figure 5.21. Evolution of the electricity generated by air-breathing MFCs started at different 

enrichment procedures under closed circuit conditions. Data is an average of the current 

measured hourly in a day and error bars represent the minimal a maximum values obtained 

each day. Symbols correspondence: (♦) MCF_100A.S; (▲) MFC_10A.S; (□) MFC_50A.S; 

(○) MFC_100N.A.S.  

 

During first three days of operation, i.e. the acclimation period, reactors did 

not give a meaningful current density. This is an expected result since most of the 

bacteria present in a raw wastewater are not exoelectrogenic and their natural 

selection is a process that takes several replication cycles, in which they can prevail 

over the others in an oxygen deprived environment because of their capability to use 

an electrode as final electron acceptor directly or by mediators [54]. Anyway, on the 
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fourth day, as soon as the synthetic wastewater was fed to the reactor, the 

MFC_100A.S (involving 100% of aerobic sludge) started to produce an increasing 

current output. After 10 days the current density reached an almost stable value, 

meaning that the selection process was concluded. In the rest of the cases, it takes 11, 

17 and 14 days to observe electricity generation and 17, 21 and 22 days to achieve 

the steady state for MFC_10AS, MFC_50AS and MFC_100NAS. 

Considering the stationary phase, MFC_100A.S recorded an averaged value 

of 4.02 A m-2 three log-units higher than what was achieved by MFC_10A.S (0.003 

A m-2), MFC_50A.S (0.001 A m-2) or  MFC_100N.A.S (0.004 A m-2). The 

combination of low concentration of sludge and presence of carbon source leads to a 

fast removal of electrogenic microorganisms from the bulk and to a no limitation for 

bacterial metabolism (i.e. a substrate surplus). This fact is reflected on the higher time 

required to exhibit electricity generation by MFC_10A.S and MFC_50A.S. In 

addition, observable electrogenic activity in the reactor inoculated with the anaerobic 

sludge takes longer, probably due to the higher competition between exoelectrogenic 

and methanogenic bacteria [42]. 

Hence, the current across the external resistance reaches stationary values at 

the end of the first fortnight of operation, moment from which the systems can be 

considered stabilized. In Figure 5.22 and Table 5.10, the polarization curves 

registered for each of the four MFCs in this period are shown.  

 

Table 5.10. Electrochemical parameters of air-breathing MFCs started at different enrichment 

procedures. 

MFC Pmax (A m-2) jmax (A m-2) OCV (V) R int (kΩ) 

MFC_100A.S 1.43 4.60·10-2 0.509 1·102 

MFC_50A.S 2.55·10-4 1.17·10-3 0.859 2·106 
MFC_10A.S 8.95·10-4 4.55·10-3 0.809 8·106 

MFC_100N.A.S 1.78·10-3 7.22·10-4 0.859 1·106 
 

The best performing cell during MFC operation, the one inoculated with 

aerobic sludge under starving condition (MFC_100A.S), recorded an OCV of just 

0.509 V and the worse operating cells recorded always higher values: 0.809 V for 

MFC_10A.S, 0.859 V for MFC_50A.S and 0.859 V for MFC_100N.A.S.  Fuel mass 

transfer problems in the deeper layers of microorganisms might be the responsible 

for the decrease in the OCV of MFC_100A.S, while the other MFCs show the 
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theoretical value of OCV when operating with carbon felt as anode [82, 88] as no 

electrogenic microorganisms grew up.  

 

Figure 5.22. Polarization and power curves of air-breathing MFCs started at different 

enrichment procedures under closed circuit conditions. Data is an average of 3 tests carried out 

in 3 consecutive days. STDV in a range of 1.29·10-4-3.34·10-9. Symbols correspondence: (♦) 

MCF_100A.S; (---) MFC_10A.S; (―) MFC_50A.S; (---) MFC_100N.A.S.  

 

Regarding the internal resistance of the cell from the polarization curves,  

the MFC fed only with the aerobic sludge (MFC_100A.S) had an internal resistance 

of 457 Ω, many orders of magnitude less than the others: 2·106 Ω for MFC_10A.S, 

8·106 Ω for MFC_50A.S and 1·106 Ω for MFC_100N.A.S. These high internal 

resistances can be attributed to a development of non electrogenic culture in these 

MFCs, because it greatly complicates the process of electron donation. This 

circumstance is also consistent with the OCV values reported previously and with the 

maximum achieved power densities. 

At the end of the tests, the cells were opened for further behavior 

investigation of the attached biofilm through cyclic voltammetry analysis showed in 

Figure 5.23. Of three consecutive cycles recorded from -0.6 to 0.3 V vs SCE electrode 

as reference, only the second is reported in the Figure. 
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Cyclic voltammetries were obtained in turnover condition, i.e. in a carbon 

unlimited environment [98]. In the exactly same conditions as the ones described in 

the Section 5.8.1, a blank carbon felt of the same kind and surface was subjected to 

the same CV in order to get a blank reference to compare our results.  

 

 

Figure 5.23. Cyclic voltammograms of anodic carbon felts extracted from the MFCs. 

Reference electrode: SCE. Symbols correspondence: (―) MFC_100AS; (---) MFC_10AS;       

(---) MFC_50AS; (····) MFC_100NAS; (―·―) Blank carbon felt. 

 

The cyclic voltammetries of MFC_10A.S, MFC_50A.S and 

MFC_100N.A.S gave current that are more comparable with this blank anode than 

the one given by MFC_100A.S. This fact is symptomatic of a reduced capacity to 

accomplish the exoelectrogenic pathway by the attached biofilm. By the way, 

MFC_100A.S anodic felt was capable to generate a high current of 3.7 mA, with a 

zero voltage of -0.560 V vs SCE. About the shape of this cyclic voltammetry, it is to 

be reported the absence of the typical sigmoidal shape with a plateau associated with 

membrane proteins direct electron transfer [99]. In this case the sigmoid is probably 

superimposed with an ever growing trend, typical of the mediated electron transfer 

operated by electron shuttles as flavins [100]. This might be explained by the 

presence, into the fresh aerobic inoculum, of facultative bacteria such as Shewanella 
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sp., that are known to mainly exploit a mediated electron transfer through free flavins 

in both, oxidative and reductive direction [101, 102]. When the cell is operated with 

initial anaerobic sludge, it can be observed that the shape described is quite different. 

The enrichment strategy and the origin of the sludge clearly affects the 

capacity for electricity generation, obtaining great results when a MFC is started with 

100% of aerobic sludge. The following is the evaluation of the processes happening 

in the anodic chamber, i.e. the COD removal and the concentration of 

microorganisms (Figure 5.24).  

The inoculation method clearly influences the initial concentration of 

microorganisms contained in the mixed liquor. However, after 5-10 days the 

concentration in the four MFCs tended to the same values. Regarding the 

concentration of microorganisms, in terms of total suspended solids, it can be 

observed that the highest concentration of total suspended solids of 8260 mg L-1 

during the first days corresponds to the highest percentage of inoculum, in other 

words, while the lowest concentration of 2320 mg L-1 matches the 10% v/v of 

inoculum. However, five days of operation, all the systems evolves to the same state 

with a similar concentration of total suspended solids around 3000 mg L-1. 

Furthermore, the same trend is observed in the time course of the COD 

consumption (Fig. 5.24.a). It can be clearly seen that the initial consumption rates are 

quite different as it ranges from 2500 to 7500 mg L-1 d-1. It is strongly dependent on 

the amount of microorganisms: the higher the initial percentage of sludge, the higher 

the COD removal. But despite the different initial rates, almost the same value is 

achieved in the four MFC after fifteen days of operation (4875 mg L-1). Both 

behaviors are in agreement with what could be expected in biological reactors 

operated with the same sludge age and fed with the same substrate. 

In addition, the pH and the conductivity were monitored. These parameters 

are less important from the viewpoint of the assessment of the treatment capacity, but 

they are of interest to understand the behaviour of the four MFCs. The different 

MFCs reached the same values of pH (8.5) and conductivity (14.8 mS cm-1) after less 

than 10 days, regardless of the very different observed initial values, which varies 

between 6.8-9.0 for the pH and between 1.00-12.00 mS cm-1 for the conductivity. 
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Figure 5.24. (a) Evolution of the COD consumed daily by air-breathing MFCs started at 

different enrichment procedures under closed circuit conditions. Error bars related to analytics. 

Inset: COD consumed daily at the steady state. Data is an average of 8 days and error bars 

represent the STDV. (b) Evolution of the total suspended solids in the anodic reservoir of air-

breathing MFCs started at different enrichment procedures under closed circuit conditions. 

Error bars related to analytics. Inset: total daily suspended solids concentration at the steady 

state. Data is an average of 8 days and error bars represent the STDV. Symbols 

correspondence: (♦) MCF_100A.S; (▲) MFC_10A.S; (□) MFC_50A.S; (○) MFC_100N.A.S. 

 

Just after the acclimation period, every MFC removed COD from the 

synthetic wastewater at very different rates. As an example, the 6th day MFC_100AS 

reduced the 96% of the initial COD, close to the 88% of MFC_100N.A.S but far from 

the 56% and 45% of MFC_50A.S and MFC_10A.S, respectively. Once steady state 

operation was reached, the scenario was more balanced. Considering the average of 
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the last five days as the steady state, MFC100_A.S removed the 61±9%, MFC_50A.S 

60±3%, MFC_10A.S 63±2%, MFC_100N.A.S 56±13%. However, despite of a very 

similar carbon removal, the current produced by the last three reactors were very low, 

which led to a very inefficient process of energy generation, as reflected by the values 

of Coulombic efficiency calculated for the steady state: 6.7·10-4±5.9·10-5%,        

2.2·10-4±4.4·10-5% and 8.6·10-4±4.1·10-5% for MFC_50A.S, MFC_10A.S and 

MFC_100N.A.S, respectively. Data obtained from cyclic voltammetries indicate that 

MFC_50A.S, MFC_10A.S and MFC100N.A.S have not developed a proper 

exoelectrogenic community. In the same way, it was possible to observe how 

MFC_100A.S was the only cell which used a defined amount of the energy consumed 

in order to produce an electron current of 1.5±0.5%.  

According to the procedure proposed by Wang et al. [56], another microbial 

fuel cell was inoculated (MFC_100R.E) with the sludge of MFC_100A.S, which was 

almost an electrogenic sludge according to the results obtained. The same starving 

procedure used for MFC_100A.S was adopted also in this case. 

The resulting MFC was capable to greatly overcome the performance of its 

parent just 6 days after re-inoculation and reached 14.58 A m-2 at the steady state, 

after 40 days under closed circuit conditions and around 3 W m-2 of maximum power 

density. This significant improvement of performance can be explained on the basis 

of further enrichment of exoelectrogenic bacteria operated on a community that was 

already well performing. The biofilm was colonized since the first moment with 

electrogenic bacteria so the process of direct donation bacteria-electrode was 

favoured and the internal resistance is drastically reduces up to 82 Ω. 

The limited presence of the not-electrogenic communities in the inoculum 

source reduces the wastewater treatment capacity to 600 mg COD L-1 d-1, which 

means that most of the organic load is removed by electrogenic microorganisms 

increasing the efficiency up to 51%. This improvement can point out the direct 

electron transfer as the main donation mechanism, what was already indicated in the 

Section 5.3.2. 
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5.5. Conclusions 

From the results discussed in this Chapter, a number of conclusions can be 

drawn, which must be greatly considered for the approach of the following Chapter. 

Following, these conclusions are detailed: 

- Sludge age affects strongly to the selection of electrogenic culture. Higher 

sludge ages are required during the start-up of a MFC to allow 

electrogenic microorganisms to have the possibility to grow in the liquid 

bulk, and then to adhere to the electrode surface forming a biofilm 

without being washed-out from the system. However, after a month 

operating the system, only the MFC operated under a sludge age of 2.5 

days shows a relevant electrogenic activity, achieving a constant current 

density of 4.5 A m-2 under closed circuit conditions and a maximum 

power density of 0.65 W m-2. In addition, it has been demonstrated the 

benefits of operating under sludge age of 2.5 days by changing the 

different sludge ages to 2.5 days and the robustness of the conditions 

generated at this sludge, regardless of the anodic material implemented 

in the MFC. After a post-mortem analysis with the Illumina technique for 

the different suspended and fixed bacteria of the different sludge age 

operations, Desulfuromonas, Syntrophothermus, Solitalea, 

Acholeplasma, Propionicimonas, Desulfobacula and Sphaerochaeta can 

be proposed as potential responsible for the bio-electrogenic activity, 

being more abundant in biofilm than in suspension. 

- The performance of the air-breathing MFCs is influenced by the 

enrichment process and the origin of the initial sludge. Exoelectrogenic 

bacteria can be developed from aerobic sludge when the enrichment 

process has been carried out with the methology 100AS (starting the 

enrichment seeding the auxiliary tank with 100% of aerobic sludge) as 

demonstrated by current densities of 4.0 A m-2 after 30 days of operation 

under closed circuit conditions. In addition, re-inoculating a MFC with 

this sludge leads to an exoelectrogenic colonization of the biofilm, 

increasing greatly the performance. 
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6.1. Introduction 

As it has been demonstrated in the previous Chapter, the performance of a 

MFC is strongly affected by operational parameters, such as the origin of the sludge 

seeded, the enrichment procedure and the sludge age, among others. Those 

parameters determine the electrogenic performance of the population growing in the 

MFC.  

However, the efficient recovery of the energy contained in the wastewater 

and the successful performance of the bacteria also depends on other parameters 

related to the design of the reactor. Initially, the most relevant parameters should be 

related to the structure of the MFC itself and, in particular, they reflect on the distance 

between the electrodes, the volume of the chambers, the ratio surface/volume, the 

materials and the use of catalysts and membrane.  

The simplicity of the design, as well as various previous positive results 

reported in literature [1-4], are the main reasons to develop air-breathing cathode 

MFCs in this work. Additional advantages considered for the implementation of this 

type of MFC include the highest availability of oxygen gas, which minimize mass 

transfer limitations in the cathodic reaction [5], and in turn get the easy management 

and the higher robustness of the cathodic processes. Air-breathing MFC offers many 

other advantages, such as sustainability, high standard redox potential, availability 

and positive effect on environment (no pollutants are released by its reduction) [5]. 

The oxygen reduction reaction takes place on the cathode surface and it 

requires a high activation energy of 498 kJ mol-1 to break the oxygen bond [6, 7]. 

This reduction can follow two different pathways: the four-electron pathway 

(Equation 6.1) and the two-electron pathway (Equations 6.2 and 6.3) [8, 9].  

 

O2 + 4 e- + 4 H+  2 H2O (E0=1.229 V)    [Equation 6.1] 

O2 + 2 e- + 2H+  H2O2 (E0=0.695 V)    [Equation 6.2] 

H2O2 + 2 e- + 2H+  2H2O (E0=1.700 V)   [Equation 6.3] 

 

The cathodic process can affect the performance of the MFC due to a low 

concentration of final electron acceptor or to a lower kinetic reduction rate. In order 

to avoid the cathodic reaction limiting the global performance, it is necessary the use 

of a catalyst, which helps to decrease the activation energy. This necessity of catalyst 
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could become even higher in the case of air-breathing membranes, because in this 

technology the cathode is in direct contact with air. At this point, it is worth to keep 

in mind that despite its high cost, the most effective catalyst is the Pt [9-13]. Recent 

studies with PbO2 improved the power four times more than the Pt but potential Pb 

leakeages from the cathode advices againts this catalyst [14]. Other strategies have 

been investigated such as the pair ferro-ferricyanide, biocathodes or the use of double 

compartment MFC in which oxygen is dissolved in the catholyte. The ferro-

ferricyanide system requires the replacement after its depletion [15] and the 

biocathodes need of maintenance at the adequate conditions and time to develop the 

culture. On the other hand, the use of dissolved oxygen requires a more complicated 

double-chambered system and energy supply with diffusors or the maintenance of 

algae to carry out the photosynthesis and provide this oxygen in a natural way.  

The miniaturization of the reactor can help to optimize the effect of many 

design characteristics by reducing the electrode spacing, increasing the 

surface/volume ratio and reducing the volume of the chambers. These features may 

help to control the nutrient flows into the biofilm and into the suspension, shorter 

diffusion paths of the electrons from the electroactive microorganisms and of the 

protons from the anode to the cathode. All these features may help to decrease the 

internal resistance and therefore to increase the efficiency of the MFC [16]. 

The efficiency of this technology also depends on the anode nature and on 

the anodic surface characteristics, because it plays a significant role in the initial 

adhesion, colonization and formation of the electrogenic biofilm [17]. The anode 

must be characterized by its biocompatibility, large surface roughness, high electrical 

conductivity and low resistance, chemical stability, good mechanical strength and 

toughness, etc. [18]. Moreover, good properties (such as an efficient electron transfer 

between the bacteria and the electrode surface) must be ensured to make true real 

applications for this technology [18] 

Nowadays, due to its relatively low cost, the carbon based materials are 

widely used [19]. In the literature, it has been described the use of carbon electrodes 

as anodic and cathodic electrodes, obtaining in general good results [18]. Carbon 

materials fulfills most of the properties required for anodic electrodes. However, its 

final performance depends on the form of the carbonaceous material used. Regarding 

to the carbon form used, it must be highlighted that, on one hand, low resistance can 



 

TOWARDS THE DEVELOPMENT OF HIGHLY EFFICIENT MICROBIAL FUEL CELLS 
 

 
151 

be achieved by reducing the distance between anode and cathode, which can be more 

easily reached working with flat materials such as carbon paper and carbon cloth. On 

the other hand, working with porous carbon materials, microorganisms can easily 

growth on the electrode due to its high porosity and roughness, making easier the 

biofilm formation and the electron transfer.  

The specific properties of each carbonaceous materials are related to its 

electronical configuration, mechanical properties, biocompatibility, porosity, etc. 

Because of that, it is interesting not only to determine their performance, but also to 

identify the reasons why the performance is enhanced, with the aim of determining 

the most adequate material for MFC. In the literature, carbon-based electrodes as 

carbon foam and carbon felt are widely used as electrode materials, exhibiting 

significant advantages over the conventional carbon paper and carbon cloth 

electrodes [20]. The main advantages of the carbon cloth are its flexibility and 

porosity, being its main drawback the high economical cost, in particular when it is 

compared to other carbonaceous materials [21]. The carbon paper is also flexible, but 

present lower porosity when it is compared to carbon cloth. Opposite to carbon paper 

and carbon cloth, carbon foams are much thicker and have more space for bacterial 

fixation [22]. Carbon foam and carbon felt electrodes have not been widely used in 

conventional MFC. Carbon foam has been used as anode in soil and marine MFCs 

[23]. Despite being very promising, carbon felt has been even less used than carbon 

foam, although it has shown good stability and robustness [24].  

Usually, these materials could be improved by special treatments providing 

more electrical conductivity to the anode. Simple pre-treatments such as acetone 

cleaning, heating, formic acid washing have increased the performance [25]. The 

surface functional group of the electrode influences the initial adhesion and transfer 

mechanisms [13]. Co and Ti does not allow electrogenic activity [26]. Mn (IV) and 

Fe (III) have been studied yielding good results [27, 28]. Au is known to enhance the 

anode performance due to its high conductivity and stability [29] as well as low 

passivity risk [30]. The performance of Au doped electrodes has been compared with 

clean electrodes, yielding the doped ones current densities up to 20 times higher [31]. 

In the literature, it has been also stated that composite electrode of carbon paper-Au 

shows better electrochemical performance than raw carbon paper [29]. Carbon paper 

confers to the Au the functional groups that are not present in its surface and that are 
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essential for the bacteria attachment [32], while Au confers more conductivity to the 

carbon paper either between electrolyte-electrode and inside the electrode [29]. Pt 

coating on a graphite electrode increased by 18-fold the current density [33] and 

polyaniline/Pt composites have also shown an improvement in the ion generation 

through the microbial metabolites direct oxidation [34, 35].  

Among non-noble metals, Ni appears to achieve the highest performance, 

followed by stainless steel [26]. Ni- Fe and Ni-Fe-P nanostructures on carbon felt 

resulted in an increase of the MFC output in comparison with the values obtained 

with non-doped carbon felt, because of metal electrocatalytic effects [35] among 

other reasons.  

In addition, the internal resistance is one of the major contributions to the 

total energy lose in MFCs. In order to reduce these internal resistances and hence, to 

improve the performance of MFCs, the electrodes should be displayed as close as 

possible and there is a controversy about the use of separators such as membranes 

[36] to separate the anodic and cathodic reaction volumes, because it implies an extra 

internal resistance [37], but at the same time, it prevents the biofilm on the cathodic 

surface and the oxygen diffusion from the cathode to the anode [37-39]. This last 

point is very important, as facultative bacteria contained in the anodic chamber could 

use the oxygen as immediate electron acceptor instead of transferring electrons 

directly or indirectly, decreasing the performance of the MFC [5, 38, 40, 41]. 

Taking into account this context, this Chapter tries to develop an efficient 

bioelectrochemical reactor from the initial concept of MFC used in this Thesis. It is 

aimed to get a more efficient air-breathing MFC by optimizing the design of the 

cathode (evaluating the role of the Pt load on the cathodic surface), the anode 

(assessing the role of different types of metal ions such as Pt, Au and Ni onto carbon 

paper anodes as well as the performance of different anodic materials), and the 

membrane. 

 

6.2. Objectives and scope 

The materials used as electrodes and as separators can improve considerably 

or worse drastically the performance of a MFC. Limitations in the cathodic chamber 

and in the proton diffusion should be completely avoided by the choice of a suitable 

cathode and membranes. Working in this way, the key processes will take place in 



 

TOWARDS THE DEVELOPMENT OF HIGHLY EFFICIENT MICROBIAL FUEL CELLS 
 

 
153 

the anodic chamber. In this chamber, the enrichment stage and the sludge age of 

operation leads to the development of an active electrogenic consortia. However, the 

direct electron transfer (or via nanowires) from the bacteria to the anode depends on 

the biofilm development on the surface of the electrode. The initial adhesion of the 

bacteria, the colonization and the formation of the biofilm are determined by the 

nature and the surface of the anode. Therefore, the selection of the right materials in 

the design of the MFC, along with the development of an electrogenic consortia, can 

lead to a successful generation of electricity. In this context, the main goal of this 

Chapter is the improvement of the architecture of the MFC designed for this Thesis 

through the following partial objectives: 

- Optimization of the cathode material by the assesment of the influence of 

the cathode Pt loading on the performance of a MFC and the selection of 

the best Pt-load. 

- Optimization of the anode material by the assessment of the effect of the 

anodic electrode on the performance of a MFC and selection of the best 

material. In first place, the surface of carbon paper anodes were modified 

by adding different metals (Ni, Au and Pt) to elucidate the real advantages 

of doping chemicals in MFC anodes. Then, five different carbonaceous 

materials (cloth, paper, foams of different porosities and felt) were tested 

to identify the driving force that support their behavior. 

- Evaluation of the advantages and drawbacks on the performance of air-

breathing MFCs generated by the implementation of membranes. 

 

6.3. Materials and methods 

Regardless of the test, MFCs were built up, started-up and operated 

according to the materials, dimensions and procedures described in the Chapter 4.  

In order to carry out the first objective related to the optimization of the 

cathode material by the assesment of the influence of the cathode platinum loading 

on the performance of a MFC, four different MFCs were operated varying the catalyst 

load deposited on the cathodic surface within the range of 0.25 to 2.00 mg Pt cm-2. 

The intermediates values studied were 0.50 and 1.00 mg Pt cm-2.  The procedure of 

deposition of Pt over the electrode surface was described in the Section 4.2.3  
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Regarding to the second of the objectives, which was focused on the 

selection of the anodic material, four different MFCs whose anodic surface based on 

Toray carbon paper with a 10% of Teflon content was modified with metallic 

components. Regarding to these metallic compounds, the effect of loads of Pt (MFC-

Pt), Ni (MFC-Ni) and Au (MFC-Au) were studied and compared against a non-doped 

MFC. Additionally, also different carbonaceous materials were tested as anodic 

materials. Carbon paper (CP), carbon cloth (CC), carbon felt (CF) and carbon foam 

of two porosities, 30 pores per inch (ppi) (CF30ppi) and 80 ppi (CF80ppi) were used 

as anodes in five different MFCs. 

The deposition of Ni was carried out under an electrodeposition process 

using a nickel sulfamate bath following the procedure described in literature [29]. 

The composition of this bath was 300 g L-1 of nickel sulfamate, 6 g L-1 of nickel 

chloride and 30 g L-1 of boric acid. Triton X-100 was added to the bath to act as a 

template for the electrodeposition of nickel [30]. A sulfurized nickel bar was used as 

anode while the carbon paper was used in the cathode. Both were submerged in the 

bath and a constant current density of 10 mA cm-2 was applied for an hour. Then, the 

electrode was washed to remove the template molecules.  

The deposition of Au in the carbon paper was carried out using a layer-by-

layer assembly procedure [31]. First of all, the Au solution of gold colloids with a 20 

nm diameter was prepared according to literature [32, 33]. To do that, 50 mL of 

HAuCl4 solution was heated and stirred simultaneously. Once the solution was 

boiling, a volume of 0.95 mL of trisodium citrate solution was added very quickly 

and maintained boiling for 10 minutes. Then, it was cooled, stored at 4º C and ready 

to use. It is important to mention that this Au solution is negatively charged due to 

the interactions with the citrate ion. The second step consists of the deposition 

process. The carbon paper electrode was immersed in a concentrated solution 3/1 v/v 

H2SO4-HNO3 for one hour. This pre-treatment was carried out to introduce 

carboxylic groups on the electrodic surface and became it negatively and hydrophilic 

charged [34]. Then, the carbon paper electrode was immersed in a 10 mg mL-1 

polyethylenimine (PEI) aqueous solution to charge it positively and after 20 minutes 

it was immersed in the Au solution prepared for the same time. These two last steps 

were repeated several times until it was observed the electrodic surface covered by 
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gold. Between immersions, the electrode was washed with MilliQ water and hot air 

drying.  

Regarding to the deposition of Pt, it was carried out through airbrush 

technique. First of all, the ink was prepared sonicating the metal (40% w/w of 

platinum on carbon black Vulcan XC-72) and N,N-dimethylacetamide as solvent for 

45 minutes. Then, polybenzimidazole (PBI) solution (20 times less than the amount 

of coal existing in the metal) was added and N,N-dimethylacetamide to favour the 

correct dissolution. It was sonicated for 45 minutes. The ink was deposited on the 

electrode with an airbrush, while the electrode was placed in a steel plate at 130º C 

until to reach a weight that corresponds with a layer of 0.5 mg Pt cm-2. 

Once finished the deposition procedure, the electrodes were dried at 190º C for 2 

hours favouring the solvent evaporation. Finally, and in order to provide them with 

conductivity, 10% w/w phosphoric acid was added. 

The deposition of Au and Ni was made on carbon paper Toray with a 10% of Teflon 

(BASF, Germany) while Pt was deposited on carbon paper Freudenberg C2 with a 

10 % of Teflon (Fuel Cell Store, USA) and provided with a microporous layer for an 

easier Pt deposition. 

After the deposition, the electrodes were checked with EDAX technique. 

Figure 6.1 shows the EDAX photographs, where the presence of Ni and Au can be 

observed in blue while the Pt can be observed in yellow. The EDAX analyses pointed 

out a percentage of Ni on the surface of 88.89% w/w, Au content was 36.08% and in 

the case of the Pt, the content was 25.66%.  

 

Figure 6.1. EDAX images of the electrodes: (a) CP-N; (b) CP-Au; (c) CP-Pt. 

 

Regarding to the carbonaceous materials used as anodic electrodes, the main 

characteristics of the carbonaceous materials are described in Table 6.1.  

 

a) b) c)
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Table 6.1. Main characteristics of the carbonaceous materials used as anode in the MFCs. 

 

Material  Specific area  (m2 m-2) Trading house 

CP 350 BASF (Germany) 

CC 3500 Fuel Cell Store (USA) 

CF30 ppi 1950 Mervilab (Spain) 

CF80 ppi 5200 Mervilab (Spain) 

CF 17700 SGL GROUP (Spain) 

 

 With the aim to evaluate the advantages and drawbacks of the use of 

membranes when operating air-breathing MFCs, two different MFCs were operated. 

In one of the MFCs, the electrodes were separated by a Nafion N117 proton exchange 

membrane with a thickness of 183 µm while in the other MFC, a gap of 3 mm was 

left to avoid filaments of carbon to short-circuiting the anode and the cathode, and 

allowing the pass of liquid to this side. It is important to remark here that the anodic 

chamber (where microorganisms grow up and wastewater passes and is treated) is 

placed on the side of the anodic electrode not facing the cathodic electrode. 

It is important to mention that second partial objective was carried out under 

a sludge age of 7.5 days while the other were carried out under 2.5 days. In addition, 

all the MFCs were enriched with sludge from an ongoing MFC [42] with the 

exception of the MFCs used to study the implementation of the membranes, which 

were seeded with fresh aerobic sludge from the WWTP of Ciudad Real (Spain). 

 

6.4. Results and discussion 

 

6.4.1. Influence of the cathode platinum loading on the performance of 

a MFC  

Figure 6.2 shows the changes experienced by the exerted current density in 

four air-breathing microbial fuel cells operated for more than one month and a half 

with the only difference of the platinum load contained on the cathodic surface. The 

inset summarizes the values of current density and efficiency exerted during the start-

up and reached in the steady state. 
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Figure 6.2. Evolution of the electricity generated in air-breathing MFCs operated with 

different Pt loads on the cathodic surface under closed circuit conditions. Data is an average 

of the daily current density measured 24 h and error bars represent the minimal and maximum 

values obtained on each day. Inset: Evolution of the current density (circles) and Coulombic 

efficiency (squares) with the Pt load on the cathodic surface during the start-up (white 

symbols) and at the steady state (dark symbols). Data is an average of five days and error bars 

represent the STDV. Symbols correspondence: (♦) 0.25 mg Pt cm-2; (●) 0.50 mg Pt cm-2; (□) 

1.00mg Pt cm-2; (○) 2.00 mg Pt cm-2. 

 

In the inset, it can be observed that the higher the platinum load contained 

on the cathode, the lower is the current produced during the start-up period (ranging 

from 0.195 to 0.013 A m-2), with differences between the two extreme Pt loads that 

are over one log-unit. In each case, the current increases along the test and, 

eventually, the current density after 20 days of operation reached almost the same 

steady state value in the four cells, close to 10 A m-2 under closed circuit conditions. 

This value is a quite high current density for this type of MFC, as it may be seen by 

its comparison with the values reached in previous studies for the same technology, 

which range one and two log-units below. Thus, an air-breathing MFC with a carbon 

paper cathodic surface of 24 cm2 reached 0.268 A m-2 [43], while another one using 

carbon cloth with a layer of 0.1 mg cm-2 of Co plus wet-proofing, Nafion and PTFE 

achieved 0.125 A m-2 [44], and another one with a 0.5 mg Pt cm-2 deposited on a 7 
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cm2 cathode reached 0.429 A m-2 [37]. Higher exerted current densities of about 2.12-

2.83 A m-2 were obtained by using different catalysts such as Mn, Fe, Co and Ni [45], 

although these current densities were always lower than the attained in this work. 

Regarding the efficiency, it can be observed a considerable increase from 0.04% 

during the first days of start-up up to about 23% at steady state, regardless of the load 

of Pt. The similar values of current density under closed circuit conditions and CE 

may point out a possible anodic limitations that make the role of the cathode 

unimportant. 

In Fig. 6.2, it can be observed the typical growth phases of the bacteria. The 

lag phase lasts less than a day due to electrogenic seed from an ongoing MFC used 

in the enrichment, so this stage can be considered negligible. The exponential growth 

takes around 20 days, regardless of the catalyst load on the cathode, but the MFC of 

2.00 mg Pt cm-2 shows a slower growth. From day 20th until the end of the length of 

the test, the four MFC were operated at steady state conditions. This behavior 

indicates that, within the range studied of the Pt load applied, the Pt content does not 

have any relevant influence on the production of electricity of the cells under closed 

circuit conditions. Regardless of the improvement made in the cathodic surface, the 

performance is controlled by the anodic process [5]. The initial differences should be 

explained in terms of the modification of the cathode surface during the ink 

deposition or probably also due to a slower biofilm formation in the case of the MFC 

with a Pt load of 2.00 mg Pt cm-2 as the exponential growth phase lasted more time. 

The deposition over the electrode could be unevenly distributed generating areas with 

lower and higher catalysts presence. It should have led to an increase in the electrical 

resistance of the electrode which is then decreased during the 50 days of operation of 

the cells.  

This negligible influence of the Pt load on the production of electricity 

during the operation test is also reflected on the steady state values reached in the 

treatment capacity (COD consumption rate) and on other relevant operational 

parameters (suspended solid concentration in the mixed liquor contained in the 

anode, pH and conductivity), which can be seen in Figure 6.3.  
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Figure 6.3. (a) Evolution of the total suspended solids concentration and the COD removal 

rate with the Pt load on the cathodic surface of air-breathing MFCs under closed circuit 

conditions at the steady state. Symbols correspondence: (●) Total suspended solids; (□) COD 

removal. Data is an average of 10 steady state days and error bars represent the STDV. (b) 

Evolution of the pH and conductivity with the Pt load on the cathodic surface of air-breathing 

MFCs under closed circuit conditions at the steady state. Symbols correspondence: (□) COD 

removal; (●) Conductivity. Data is an average of 10 steady state days and error bars represent 

the STDV. 

 

The behavior can be related to the similar operation of the anodic chambers, 

which were operated under the same sludge age (2.5 days) as it was studied in the 

Section 5.8 about the influence of the inoculation methodology in the performance 

of MFCs. In that Section, regardless of the inoculation procedure, the treatment 

capacity and the related parameters evolved to the same conditions because the 

sludge age ruled the system. This parameter determine the growth of the bacteria. 

Fig. 6.3.a shows a total suspended solids concentration around 2263 mg L-1 while the 

COD consumed daily is about 699 mg L-1 regardless of the cathodic Pt load. The 

suspended bacteria and the COD removal trends indicate that all the system evolved 

analogously towards the same culture. Furthermore, Fig 6.3.b reports the similar 

behavior of the pH (about 7.8) and conductivity (around 15.38 mS cm-1), regardless 

of the catalyst load. Therefore, the main responsible of the similar behavior is the 

sludge age that is controlling not only the anodic process, but the whole performance. 

Only negligible changes observed in the parameters mentioned are always much 

lower than the own dispersion of the data, pointing out again the negligible influence 

of the Pt load on the non-electrochemical parameters during the operation of the cell. 
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Previous figures focus on the performance of the microbial fuel cells and 

inform about the values of the parameters under closed circuit conditions that 

describe the operation of the MFC. However, they do not give any information about 

the maximum capacity of the system, which can be drawn not from the operation data 

but from the polarization curves. Figure 6.4 shows the evolution of the maximum 

current and power densities produced since the start-up, for the different MFCs 

working with diverse Pt loads in the cathode, while Figure 6.5 informs about the 

changes in the value of the OCV during the operation tests of the four MFC.  

 

Figure 6.4. (a) Evolution of the maximum power density generated by air-breathing MFCs 

operated with different Pt loads on the cathodic surface. Data obtained from the periodical 

polarization curves. (b) Evolution of the maximum current density generated by air-breathing 

MFCs operated with different Pt loads on the cathodic surface. Data obtained from the 

periodical polarization curves. Symbols correspondence: (♦) 0.25 mg Pt cm-2; (●) 0.50 mg Pt 

cm-2; (□) 1.00 mg Pt cm-2; (○) 2.00 mg Pt cm-2. 

 

The most important observation is that, opposite to operation parameters, 

both values were not stabilized within the operation tests. Even after 50 days, they 

still shows an increasing trend reaching the maximum power and current densities of 

4.83 W m-2 and 52.37 A m-2 with a catalyst load of 2.00 mg Pt cm-2 on the cathodic 

surface. The amount of platinum contained on the cathode clearly shows a marked 

increasing trend in both parameters, meaning that the capacity of the MFC to produce 

electricity increases with the platinum content.  
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Figure 6.5. Evolution of OCV achieved by air-breathing MFCs operated with different Pt  

loads on the cathodic surface. Inset: Evolution of the OCV with the Pt load during the start-

up. Data is obtained from the periodical polarization curves. Symbols correspondence: (♦) 

0.25 mg Pt cm-2; (●) 0.50 mg Pt cm-2; (□) 1.00 mg Pt cm-2; (○) 2.00 mg Pt cm-2. 

 

Hence, almost nil influence showed by the operational parameters should 

only be explained by taking into account that the performance of the MFC during the 

closed-circuit operation (under 120 Ω resistance) are not limited by the cathodic but 

by the anodic reaction during the closed-circuit operation. However, under open 

circuit conditions, the cathode controls the performance. Therefore, this suggests that 

the performance of the MFC is limited by the anodic process regardless of the 

improvements made in the cathode. 

During the start-up, a rise of the OCV with the load of the catalyst was 

observed in the inset of Fig. 6.5 because at this moment, the role of the catalyst is 

important as the biofilm was not developed. However, once the system was working, 

not great differences are observed between the values reached, but just a very slight 

increase from a value lower than 0.30 V during the first days up to 0.35 V at the end 

of the experiment. 
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6.4.2. Optimization of the anode material 

 

6.4.2.1. Influence of metal-doped anodes on the performance of a MFC  

As stated above, metals may play a significant role, either as a catalyst or by 

affinity with bacteria, in both the direct and the mediated processes, as well as in 

other electrochemical and bioelectrochemical phenomena. For this reason, this work 

is focused on the addition of different metals to carbon paper anodes in order to 

elucidate the real advantages of its use as doping chemicals in MFC´s anodes. A MFC 

without metal doping was used as reference. 

Figure 6.6 shows the evolution of the electricity generation and the COD 

removal when carbon paper doped with different metals (Pt, Au and Ni) were used 

as anodic electrode. All the current density values are referenced to the blank test 

were a non-doped MFC was used. 

As can be seen in Figure 6.6, the lag, the characteristic exponential growth 

and the steady state phases can be discerned in the current density exerted in all the 

cases. The length of the tests was long enough to ensure the steady state, and therefore 

to fully characterize the influence of the different anodes on the different stages. 

Initially, the exerted current densities were almost negligible in all the cases. 

However, once the biofilm formation started, it drastically increased in the MFCs 

equipped with metal-doped anodes. Thus, the best enhancement was obtained when 

adding Ni (7.5 A m-2), followed by Au (4.2 A m-2) and finally Pt (2.0 A m-2). It is 

also important to remark that, according to the exerted current, the addition of Ni and 

Au leads to a more intense exponential growth than the observed with CP-Pt. The 

exponential growth of this last one seems to be divided into two shorter stages with 

an intermediate steady state phase. These different behaviours suggest the 

combination of very complex processes, in which the metal doping the anode clearly 

influences on the performance of the bioelectrogenic culture.   

At this point, it is important to highlight that effects of the metals on the 

suspended culture are not expected to be important, because no metal is released to 

solution during the tests or at least in measurable concentrations. Hence, the 

differences should be explained in terms of the influence over the biofilm attached to 

the anode, which are favoured in the sequence CP-Pt<CP-Au<CP-Ni. 
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Regarding to the COD removal rate, it must be pointed out the similar 

changes in the COD consumption rates in the four cases evaluated. This response is 

in agreement with the expected behaviour of biological reactors, because they are 

operated with the same sludge age and they are fed with the same substrate [46]. 

 

Figure 6.6. (a) Evolution of the electricity generated in air-breathing MFCs with anodes doped 

with different metals and operated under closed circuit conditions. Data is an average of the 

daily current density measured 24 h, and error bars represent the minimal and maximum values 

obtained each day. (b)  Evolution of COD removal in air-breathing MFCs with anodes doped 

with different metals and operated under closed circuit conditions. Error bars represents the 

analytical STDV. Symbols correspondence: (▲) MFC-Pt; (●) MFC-Ni ; (□) MFC-Au; (◊) 

MFC-CP.  

COD consumption is higher at the beginning of the tests and this fact can be 

explained in terms of the higher population of microorganisms in that moment. Thus, 
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initially a high concentration of microorganisms was seeded into the cell and during 

acclimation, this population decreased, while at the same time it was adapting to the 

new conditions. 

The lower population stands for the lower COD consumption.  In the steady 

state, the MFC-CP presented the best COD removal (about 1100 mg COD L-1 d-1) 

whereas the MCF doped with metals removed only about 700 mg COD L-1 d-1, 

indicating a partial inhibition in the COD consumption in these three cases, which 

did not depend on the nature of the metals but just on its presence on the anode 

surface.  

This behaviour is rather different than the observed in the exerted current 

density, indicating the presence of microbial populations with and without 

electrogenic abilities. Anyhow, CE has been calculated according to Section 4.2.6 for 

all the devices at the start-up and once the steady state was reached. The average 

results obtained during the steady state operation are presented in Figure 6.7. 

 

Figure 6.7. Influence of the anodic surface metal doping on the Coulombic efficiency of air-

breathing MFCs under closed circuit conditions. Data is an average of the steady state 

operation during 15 d. Error was lower than 8% in all the cases. 

 

It can be observed an increasing CE when metals were added to the MFCs, 

corresponding the highest values to the MFC in which the anode was doped with Ni. 

These results ratify the better bioelectrogenic performance associated to the presence 

of the metal on the anode. Initially, it can be hypothesized that this better performance 
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can be explained because the metals should make easier the electron transfer from 

the microorganisms to the anode leading to an enhanced electrogenic performance. 

In order to study the biodegradation process, the nutrient consumption due 

to biomass growth and the medium characteristics, including biomass concentration 

measured as turbidity are shown in Table 6.2. Results indicated that similar biomass 

growth rates were obtained in all the MFCs. 

 

Table 6.2.  Medium characteristics of the anodic reservoir of air-breathing MFCs with anodes 

doped with different metals and operated under closed circuit conditions. 

 

MFC 
pH Conductivity  

(ms cm-1) 

Turbidity 

(FAU) 

N (mg L-1) P (mg L-1) 

CP 8.14±0.14 12.62±1.42 736±353 36.56±2.95 10.51±2.14 

Pt 8.12±0.29 14.13±2.69 884±221 31.58±3.73 9.59±3.8 

Au 8.44±0.18 12.57±2.21 938±203 29.59±5.37 9.48±4.72 

Ni  8.36±0.32 12.93±1.38 958±533 27.78±3.15 8.15±5.43 

 

As can be seen in this Table, the pH and conductivity values were nearly the 

same in all the cases. Additionally, almost the same nitrogen and phosphorous 

removal rates were obtained in all the cases. Similar nutrient consumption has been 

reported in the literature when operating with electrogenic microorganisms [25,38]. 

In addition, the same behavior is observed attending to the turbidity, which is 

maintained around 938 FAU. These facts ratify that similar biomass growth rates 

were obtained in the anodic reservoir, regardless of the metal deposited on the anodic 

surface, because all the MFCs were operated at the same sludge age and fed with the 

same synthetic wastewater. 

Polarization curves were carried out on a weekly basis. For the sake of 

clarity, only curves during the start-up (the 5th day) and the steady state (the 40th day) 

are shown in Figure 6.8 and the main parameters extracted from both curves are 

presented in Table 6.3. 

The OCV is related to the reactions taking place at the anode and the 

cathode. In this work, the OCV evolved favourably in all cases, showing their best 

values once reached the steady state. The obtained values reflected the benefits of 

incorporating metals to the anode, presenting the best performance the MFC doped 
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with Ni. Thus, once reached the steady state, it is interesting to emphasize that the 

best values of OCV corresponded to CP-Ni (0.436 V).    

 

Figure 6.8. (a) Polarization and power curves of air-breathing MFCs with anodes doped with 

different metals at the start-up. Inset: polarization and power curves of the non-doped air-

breathing MFC at the start-up. (b) Polarization and power curves of air-breathing MFCs with 

anodes doped with different metals at the steady state. Inset: polarization and power curves of 

the non-doped air-breathing MFC at the steady state. Symbols correspondence: (---) MFC-Pt; 

(―) MFC-Ni; (---) MFC-Au; (―) MFC-CP.  
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Table 6.3. Electrochemical parameters of air-breathing MFCs with anodes doped with 

different metals. 

 Start-up characterization Steady state characterization 

MFC OCV 

(V) 

P
max

  

(W m
-2

) 

J 
max 

 (A m
-2

) 

R 
int 

 (kΩ) 

OCV 

 (V) 

P
max

  

 (W m
-2

) 

J 
max

  

(A m
-2

) 

R 
int

  

(Ω) 

CP 0.061 0.001 0.073 12.74 0.088 0.002 0.089 11.58 

Pt 0.178 0.205 3.213 0.65 0.274 0.528 7.532 0.47 

Au 0.274 0.064 6.098 0.65 0.308 0.992 11.420 0.38 

Ni 0.304 0.559 6.735 0.53 0.436 2.925 33.930 0.15 

 

All MFCs enhanced their performance along the experiment and the exerted 

current density was doubled when using Pt and Au, whereas when using Ni the 

exerted current density increased about five times. Regarding to the power exerted, 

the greatest power density of 2.92 W m-2 was reached by the nickel deposited 

electrodes, much higher than the ones for CP-Au (0.99 W m-2) and CP-Pt                 

(0.52 W m-2). A similar behaviour presented the maximum exerted current density, 

corresponding the highest value to the MFC-Ni, 33.9 A m-2, followed by MFC-Au 

and MFC-Pt exerting 11.4 and 7.5 A m-2 respectively. Both performance parameters, 

power and current density exerted, were significantly lower in the MFC equipped 

with the raw carbon paper. 

With the aim to deep inside on the behaviour of the electrochemical systems, 

the polarization curves were modelled by using an empirical polarization curve 

model developed by Kim et al [39] and presented in Equation 6.4. In this model, the 

parameter 𝐸0 can be described as shown in Equation 6.5, where the term E0 is used 

in order to simplify the mathematical fitting procedure.  

 

𝐸𝑐𝑒𝑙𝑙 = 𝐸0 − 𝑏 · log(𝑖) − 𝑅 · 𝑖 − 𝑚 · exp(𝑛𝑖)  [Equation 6.4] 

𝐸0 = 𝐸𝑂𝐶𝑉 + 𝑏 · log(𝑖0)     [Equation 6.5] 

 

In the model, the term -b·log(𝑖) represents activation losses, -R·𝑖  the ohmic 

losses, and -m·exp(n𝑖) is an empirical term that approximates mass transfer losses. 

The fitting of the model involve fitting the current-voltage data over the entire range 

of current densities. Theoretically, a polarization curve should present three stages 
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related with these three losses. However, when working with MFC usually a straight 

polarization curves are obtained being really difficult to identify the controlling stage 

of the process  [47].  

In order to ensure an accurate identification of the main processes 

controlling the performance of the MFC used in this study, and accurate fitting of the 

model was required. For accurate fittings it is required accurate initial approximations 

of the fitting parameters of the model. Because of that, the initial approximations of 

𝐸0 were based on the OCV values measured in the polarization curves carried out. 

Due to the lack of low current data, the parameter b was supposed to be the same in 

all the cases, -0.005 V/decades. This value is in agreement with the typical values 

presented in the literature [40]. The initial approximations of the parameter R was 

taken from electrochemical impedance spectroscopy analyses. Finally, initial values 

for the m and n parameters were taken from the literature [48]. Once selected the 

initial approximations, all the parameters were simultaneously fitted to the 

experimental results presented in the polarization curves. The fitting values of all the 

parameters as well as the obtained results are presented in Table 6.5 and in Figure 

6.9, where an accurate fitting can be observed. 

 

Table 6.5. Fitting values of the parameters of the empirical model corresponding to the 

polarization curves. 

            Start-up   

Parameter CP Pt Au Ni  

𝑬𝟎 (V) 1.865 2.271 0.592 3.000  

b (V/decades) -0.005 -0.005 -0.005 -0.005  

𝑹 () -32.20 -32.20 -6.22 -6.22  

m (A) -1.83 -2.21 -0.32 -2.60  

n (A-1) 5000 5000 1150 53  

 Steady state 

Parameter CP Pt Au Ni 

𝑬𝟎 (V) 0.329 0.436 0.196 1.111 

b (V/decades) -0.005 -0.005 -0.005 -0.005 

𝑹 () -3.40 -3.40 -11.83 -11.83 

m (A) -0.07 -0.12 -0.04 -0.85 

n (A-1) 3361 1148 6153 455 

 

By analyzing the fitting results, it can be highlighted that the E0 value was 

in the same order in all the cases, ranging from 0.4 to 3.0 V when operating under 

steady state conditions. The similar E0 values suggest that the EOCV are very similar, 
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being negligible the effect of the metal doping on the typology of the reactions taking 

place (there are no different reactions on the electrode surface). 

 

Figure 6.9. (a) Modelling of the initial polarization curves. (b) Modelling of the steady state 

polarization curves. Symbols correspondence: (△) MFC-Pt; (○) MFC-Ni; (□) MFC-Au; (◊) 

MFC-CP; (lines) Model fitting. 
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MFCs is enhanced as time goes by, which could be explained because of the 

development of a more active electrogenic biofilm on the surface of the electrode.  

Regarding the parameter b, as it was stated below, there was a lack of low 

current data to attain a good fitting and it was found that the initial value proposed 

helps to fit well all experimental results. The identical value of the b parameter in all 

the MFCs shows the negligible influence of the metals over this term of the model.  

On the other hand, in the literature, R has been usually identified as the 

controlling stage of the processes taking place in MFCs. However, the modelling 

results indicates that the metal doping to the carbonaceous electrodes slightly 

modifies the R values which ranged from 32.2  to 3.4 . This slight effect could be 

related to the better electrical conductivity of the metal doped anodes when compared 

with the raw ones. Table 6.5 presents a comparison of the electrical properties of the 

materials used in this work. In this Table, it can be seen that the electrical conductivity 

and resistivity of the metals were significantly higher and lower respectively as 

compared to the carbon paper. With regard to the R values it is also worth to mention 

that the values presented in each MFC remained completely stable with the time in 

all the cases. This behavior suggests that the addition of metals slightly modify the 

physical properties of the electrode but does not affect the subsequent 

bioelectrochemical processes. 

 

Table 6.5. Electrical properties of the materials under study.  

MFC Electrical conductivity (S/m) at 20º C Specific electrical resistivity (Ω m) 

CP 2.0 8.0 

Au 4.0·107 2.3·10-8 

Pt 9.4·106 1.1·10-7 

Ni 1.4·107 7.1·10-8 

 

Hence, because of the results obtained with the E0, b and R parameters, it 

can be said that the addition of the metal to the anodes does not modify the 

thermodynamics, electrocatalytic behavior nor the internal resistance of the process 

taking place in the anode. With regard to the mass transfer, two parameters were 

fitted: m and n. The parameter n is inversely related to the smallest current density 

that causes the voltage to deviate from linearity, which is that the system experience 

mass transfer limitations. In this context, the lower the n value the less sensitive the 

system to mass transfer limitations. In Table 6.4, it can be seen that when doping the 
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carbon electrodes the value of n decreased by a factor of almost 100, shifting from 

5000 A-1 when using raw carbon paper to 53 A-1 of the Ni doped anode. This behavior 

indicates that the addition of metal reduced the mass transfer limitation in the MFC. 

It is also important to highlight that the value of the parameter n remained constant 

when working with raw CP anode, whereas the value of n decreased when operating 

with metal doped ones. The value of n decreased by 3 times when using Au, 12 times 

when using Pt and 20 times when using Ni, being even less sensitive to the mass 

transfer limitations. On the other hand, m coefficient is inversely related to the 

relevance of the mass transfer phenomenon occurring over the entire range of current 

densities, presenting in all the cases negative values. As can be seen in Table 6.4, the 

addition of the metal increased the m value leading to a better performance in all the 

cases but mainly when the threshold current density was overcome. It is also worth 

to mention that the m value decreased along the experiments, which could be 

explained because of metal catalyst fouling. In this sense, the evolution of the n and 

m values indicates that the threshold current density causing mass transfer limitations 

was increased when the anodes were doped with the metals. Moreover, the intensity 

of these mass transfer limitations was lower when metals were added to the anodes. 

Hence, from the modelling results, it must be said that the addition of metal on the 

anodes increase the threshold current density causing mass transfer limitations, and 

reducing also the intensity of the mass transfer limitations when they took place. 

 

6.4.2.2. Influence of carbonaceous anodes on the performance of a 

MFC 

The previous Section pointed out the improvement in the performance with 

the addition of metal to the surface of carbon paper anodes. However, raw carbon 

anodes are frequently used because of its low cost and effectiveness. For this reason, 

this Section checks the effect of carbon anodes by testing different types of 

carbonaceous materials. 

Figure 6.10 shows the evolution of the electricity production depending on 

the carbon anoded used. Regardless of the material, the three main stages of the 

microorganisms development are observed: lag phase, exponential growth and steady 

state. The quickly lag phase, which can be considered neligible, was due to the 

electrogenic sludge from an ongoing MFC used as seed.  In most of the cases, an 
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average of about 20 days was required to reach the steady state but it is true that the 

higher the porosity of the materials, the faster the stabilization. For example, CF only 

required 4 days while CC, around 20 days. This can be explained by the main 

colonization process, entrapment in the case of porous materials and growth over the 

surface in the case of the flat materials. Regarding to the output current, once the 

MFCs achieved the steady state, they were operated for one month.  

 

 

Figure 6.10. Evolution of the electricity generated in air-breathing MFCs with anodes doped 

with different metals and operated under closed circuit conditions. Data is an average of the 

current density measured hourly with 6.5% of error. Symbols correspondence: (○) Carbon felt 

(▲) Carbon foam of 30 ppi; (■) Carbon foam of 80 ppi; (□) Carbon cloth; (Δ) Carbon paper. 

 

The worst performance was obtained when operating with CP. On one hand, 

the low thickness enhances its efficiency in the electron transport. However, on the 

other hand, CP is very thin, slightly rigid and fragile, presenting a relatively smooth 

surface. This flat geometry worsens the biofilm attachment on the CP anode. The 

CF30ppi, CC and CF80ppi, more porous carbonaceous materials than the CP, 

produced current densities of 1.54, 6.8 and 9.8 A m-2, respectively. These materials 

are more flexible and much more porous than CP, allowing a larger surface for 

bacterial attachment and facilitating the microorganisms entrapment in the pores. It 

must be highlighted the low performance of the CF30ppi when it is compared with 

the carbon cloth and the CF80ppi. This can be explained due to its thin latticework 

and higher pore size, 0.813 mm, when it is compared with CF80ppi which presents a 
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pore size of 0.3 mm. This combination reduced the available surface for the biofilm 

attachment and therefore reduced the direct electron transference to the electrode. 

Finally, the highest current density, 14.5 A m-2, was obtained when operating with 

CF. 

The COD consumed as well as other relevant parameters of the wastewater 

recirculated through the system were reported in Table 6.6. The data shown is an 

average of 10 steady days with its error as STDV. 

 

Table 6.6. Medium characteristics of the anodic reservoir of air-breathing MFCs with working 

with different cabornaceous anodes and operated under closed circuit conditions.  

 

MFC COD       

(mg L-1 d-1) 

pH Conductivity  

(ms cm-1) 

Turbidity 

(FAU) 

N (mg L-1) P (mg L-1) 

CP 1024±187 8.14±0.14 12.62±1.42 736±353 36.56±2.95 10.51±2.14 

CC 790±244 8.24±0.17 14.26±2.31 967±404 33.63±5.49 9.13±2.03 

CF30ppi 890±320 8.37±0.18 14.03±2.48 734±308 35.02±4.24 9.77±5.47 

CF80ppi 630±280 7.29±1.02 13.83±2.19 964±377 34.59±6.11 9.88±3.54 

CF 720±226 8.15±0.17 13.21±2.38 637±246 35.03±6.15 9.20±2.59 

 

It can be observed that all the parameters ranged between the same intervals, 

because they were operated under the same sludge age. While it is true that higher 

removal rates are obtained with MFC whose anodes have lower specific surface. For 

example, CP shows a higher removal of COD, nitrogen and phosphorous. At this 

point, is important to remark that MFCs were started up with sludge from an ongoing 

MFC, which was highly electrogenic. The negligible initial electricity generation 

indicates a poor biofilm formation. A similar behavior is observed for CF30ppi, 

whose specific surface is also small. Therefore, after a long operation of the system 

the electrogenic microorganisms can be washed from the system as the sludge age of 

operation is 7.5 days, verifying what was observed in the Section 5.4. However, if a 

system with high specific surface and operated at 7.5 days is enriched with 

electrogenic sludge, the electrogenic bacteria survive but generating lower amount of 

electricity compared with the electricity that can produce at a sludge age of 2.5 days 

as indicates Section 5.6. In general, and taking into account that the inlet COD 

concentration is 10000 mg L-1, it can be considered that all the anodic reservoirs 

behave similarly. 



 

CHAPTER 6: DEVELOPMENT OF THE BIOELECTROCHEMICAL REACTOR 
 

 

174 

At this point, it is very interesting to evaluate the total electrons transferred 

from the substrate to the anode once the steady state was reached. Also when studying 

porous materials, the role of the specific surface of the electrode must be taking into 

account. In Figure 6.11, the steady state CE obtained by each carbonaceous material 

was correlated with the specific surface area.  

 

 

Figure 6.11. Evolution of the Coulombic efficiency with the specific surface of each 

carbonaceous material used as anode in the MFCs.  Symbols correspondence: (○) Carbon felt 

(▲) Carbon foam of 30 ppi; (■) Carbon foam of 80 ppi; (□) Carbon cloth; (Δ) Carbon paper. 

 

It can be observed that materials presenting the highest specific surfaces got 

the best performances. These materials are the porous carbon forms, whose better 

performance could be explained because of its easier bacterial entrapment and 

attachment. Higher specific surface areas lead to greater biofilms, which means more 

direct electron transfer due to the physical contact with the anode [25-27]. The 

increase follows a sigmoidal trend, ranging the more stepped stage within 2500-5000 

m2 m-2 of specific area. Low efficiencies are obtained with CP and CF30ppi due to 

its porosity and geometry. In the case of CF30ppi the combination of a porous surface 

and thin latticework allow a low available surface to the electrochemical processes. 

Despite the higher current density exerted by CF, the CE is very similar to CF80ppi. 

It points out that the filamentous structure of the CF, that offers a very high external 

surface, could limit the substrate and products mass transfer within the porous of the 

material because of a small pore size.  
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Regarding to the CE, it can be clearly seen how high specific areas of the 

anodic material results in great CE (36.2% for CF80ppi and 39.2% for CF), while 

materials characterized by its plain geometry reach significantly lower efficiencies, 

such as the CC achieving a CE of about 14%. 

Polarization curves were carried out on a fortnight basis. Figure 6.11 shows 

the curves during the start-up and once the steady state was reached while the 

summary of the main electrochemical parameters are shown in Table 6.7. 

 

Table 6.7. Electrochemical parameters of air-breathing MFCs working with different 

carbonaceous anodes. 

 Start-up characterization Steady state characterization 

MFC OCV 

(V) 

P
max

 

(W m
-2

) 

J 
max 

(A m
-2

) 

R 
int 

(kΩ) 

OCV 

(V) 

P
max

 

(W m
-2

) 

J 
max

 

(A m
-2

) 

R 
int

 

(Ω) 

CP 0.061 0.001 0.073 12.74 0.088 0.002 0.089 11.58 

CC 0.292 0.918 11.080 0.37 0.314 1.082 13.670 0.27 

CF30 ppi 0.196 0.387 6.930 0.34 0.261 0.598 8.250 0.30 

CF80 ppi 0.383 0.067 0.943 3.88 0.367 1.871 26.642 0.16 

CF 0.314 1.626 26.851 0.13 0.424 3.985 52.246 0.08 

 

As it can be seen, when comparing Figures 6.12.a and 6.12.b, the time of 

operation smoothed the slope of the polarization curves. Once reached the steady 

state, higher current densities were achieved in all the cases. Anyway, it must be 

highlighted the case of the CF80ppi, which increases from 0.94 A m-2 to 22 A m-2 

and the case of the CF, which increases from about 27 A m-2 until 52 A m-2. As it can 

be seen from the polarization curves, during the start-up, voltage drop was mainly 

governed by the internal resistance of the electrode, except for the cases of CF and 

CC, and by transport limitations whose origin could be found in the penetration of 

the microorganisms into the pores and mass transfer limitations. The diffusion and 

the transfer problems lose significance once the bacteria started to grow up and 

activate the mechanisms of electron transfer, which can be clearly perceived by the 

reduction of the slope in the polarization curves. Additionally, there were no 

significant limitations due to activation losses and/or reaction kinetics. This could be 

explained by the source of the inoculum and electrogenic seed taken from an ongoing 
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MFC [8]. In this sense, the only exception was CP, which can be explained by the 

difficult adherence of the microorganisms to this material because of its morphology.   

 

Figure 6.12. (a) Polarization and power curves of air-breathing MFCs with different 

cabornaceous anodes at the start-up. Inset: polarization and power curves of CP at the start-up. 

(b) Polarization and power curves of air-breathing MFCs with different cabornaceous anodes 

at the steady state. Inset: polarization and power curves of the CP at the steady state. Symbols 

correspondence: ( --- ) Carbon felt; ( --- ) Carbon cloth; (―) Carbon foam of 80 ppi; (―) 

Carbon paper; (····) Carbon foam of 30 ppi. 
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Regarding to the OCV and the internal resistance calculated, their values are 

shown in Table 6.7. Both of them, the internal resistance and the OCV of the carbon 

materials, presented an exponential decrease and increase respectively. These 

behaviors could also be explained by the materials geometry. The higher the specific 

surface, the higher biofilm formation and therefore the higher the electron transfer. 

From these results, it can be clearly seen that the porous materials outcompete the 

plain geometry ones. All the systems presented their best OCV values during the 

steady state as the electrogenic activity keeps constant: 0.082 V for CP, 0.262 V for 

C30ppi; 0.314 V for CC; 0.318 V for CF80ppi and 0.424 V for CF. From these 

results, it can be assumed that higher specific areas of carbon-based materials, leads 

to higher OCV. During the start-up, as it was commented previously, the principal 

limitation consists of the internal resistance. At this point, it is worth highlighting that 

the internal resistance decreased with the operation time in all the cases. Although 

the plain forms are known to produce lower values of internal resistance, because 

most of its surface is very close to the cathode, its morphology makes more difficult 

the biofilm colonization and forces the growth of superimposed layers of biofilm on 

the electrode surface leading to a less efficient biofilm and increasing the internal 

resistance. This fact can be observed in CP, where the internal resistance of 11.58 kΩ 

during the steady state can be the cause of the negligible current density exerted. It is 

interesting to emphasise that the best values of OCV corresponded to CF (0.424 V) 

agreeing with the lowest values of internal resistance of 82.6 Ω. In conclusion, the 

conductivity of the anode rises with the increase of specific area, being the specific 

area more relevant. 

Regarding the performance of the carbonaceous materials in the power 

curves, the maximum power density was reached by CF, revealing the superb 

performance of this device having achieved 3.99 W m-2 during the steady state, 

followed by the CF80ppi with 1.89 W m-2 and by the CC with 1.08 W m-2. All these 

values are much higher than the one obtained when operating with CP 0.022 W m-2.  

In order to verify the biofilm growth, SEM images of the electrode were 

took before and after the experiments (Figure 6.13). Images shown in the left 

correspond to the raw electrode material and the right ones to the colonized anode.  
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Figure 6.13. SEM images of the carbonaceous materials before and after the experiments. (a) 

Carbon paper; (b) Carbon foam of 30 ppi; (c) Carbon cloth; (d) Carbon foam of 80 ppi; (e)  

Carbon cloth.   
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As can be seen in these photographs, the fibers of the CP seems to be lightly 

covered by microorganisms but far away from a total coverage. This fact justify the 

low electricity generation. The CF30ppi shows a distribution in which is difficult to 

differenciate between bacteria or nutrient blockages. CC, CF80ppi and CF present a 

clear biofilm filling the pores or covering the filaments. In addition, there was a 

higher biofilm growth in the electrodes presenting higher specific areas enhancing 

the performance of the MFCs.  

It was possible to characterize both the suspended and the biofilm 

microorganisms of the MFC working with carbon felt with a post-mortem study with 

Illumina MiSeq technique. The whole information of the technique and about the 

results can be consulted on Section 5.7 of Characterization of the microbial consortia, 

but the most relevant information about the most abundant generas in both population 

was extracted in Table 6.8. 

 

Table 6.8. Microbial community structure of the biofilm and suspended cultures. 

Biofilm Culture  Suspended Culture 

Genus % real abundance   Genus % real abundance 

Acinetobacter 36.6  Arcobacter 43.9 

Pseudomonas 14.8  Acinetobacter 20.7 

Shewanella 14.0  Pseudomonas 12.0 

Thalassolituus 4.5  Cloacibacillus 1.9 

Arcobacter 4.2  Dechloromonas 1.8 

Desulfuromonas 3.9  Methylogaea 1.7 

Others 22.1  Others 18.0 

 

According to the genus, the prevailing specie in the biofilm were the 

Acinetobacter, whereas the most abundant in the planktonic culture was Arcobacter. 

It is important to highlight the significant presence of about 14% of Shewanella in 

the biofilm. This genera is one of the most known as electrogenic. However, 

Shewanella was negligible in the planktonic culture.  

It can be also observed that electrogenic cultures were mainly located on the 

biofilm electrode, which grow up slowler than other kinds of microorganisms 

contained in MFC cultures. This fact, combined with feed-batch operation of the 

MFC, means that the slow growth rate of microorganisms, in this case the 
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electrogenic ones, were easily removed from the suspended culture when the system 

is purged because of the sludge age of 7.5 days stablished. Therefore, the biofilm 

structure enhances the development of slow growing electrogenic microorganisms. 

It also confirms the absence of electricity generation with lower specific anodic 

surface due to a poor biofilm formation as was shown in the SEM images.  

 

6.4.3. Implementation of membranes on the performance of MFCs. 

This Section is focused on the improvement of the architecture of the MFC 

by considering the effect of the implementation of membrane in the gap between the 

anode and the cathode. 

Results about the performance under closed circuit conditions are shown in 

Figure 6.14. This Figure clearly points out that the presence of a membrane improves 

the transient response of the system and let the MFC to reach the steady state around 

ten days before. Thus, the system equipped with a membrane stabilizes in twenty 

days while the system without the membrane stabilizes just after a slightly larger 

period of 30 days. In addition, the steady state current densities reached under closed 

circuit conditions are slightly slower in the case of the membraneless system (3.32 

±1.01A m-2 vs 5.85±0.96 Am-2). 

Comparing the treatment capacity (in terms of COD which could be 

consumed) it can be observed that differences are even lower. Thus, the average 

consumption for the membraneless system is 2807±544 mg COD d-1 dm-3, while the 

value reached in the MFC equipped with the membrane is 3107±745 mg COD d-1 

dm-3. When comparing these values with the standard deviation, they are 

significantly lower. On the other hand, when the values of the efficiencies (as the 

ratio between current and COD consumption) are compared, the MFC equipped with 

the membrane outperforms the membraneless cell only by 1.5%. So, the membrane 

is not a mandatory element of the studied MFC, but it allows to obtain a faster 

stabilization and a slight higher efficiency. 
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Figure 6.14. (a) Evolution of the electicity generated by the MFC equipped with membrane 

and by the membraneless MFC. Data is an average of the current density hourly measured in 

a day with error bars related to the minimal and maximum values obtained each day. (b) 

Evolution of the daily COD removal rate by the MFC equipped with membrane and by the 

membraneless MFC. Error bars represent the analytical error of 3 replicates. Symbols 

correspondence: (○) Current density - Membrane MFC; (●) Current density - Membraneless 

MFC; (□) COD removal rate - Membrane MFC; (■) COD removal rate - Membraneless MFC. 

 

Other analytical parameters represented as the average of the last seven days 

at the steady state are reported in Table 6.9. As it can be observed, regardless of the 

presence or absence of the membrane, the medium characteristics of the anodic 

0.001

0.01

0.1

1

10

0 15 30 45 60 75 90 105

C
u

rr
en

t
d

en
si

ty
/ 
A

 m
-2

Time / days

100

1000

10000

100000

0 15 30 45 60 75 90 105

-r
 C

O
D

 /
 m

g
 C

O
D

  
L

-1
d

-1

Time / days

a)

b)



 

CHAPTER 6: DEVELOPMENT OF THE BIOELECTROCHEMICAL REACTOR 
 

 

182 

reservoir are very similar. The pH is in the optimal range for the growth of 

electrogenic bacteria [49]. The conductivity of both mediums is high, which favor 

diffusion and transfer processes, and is given by the synthetic wastewater (14.50 mS 

cm-1). During the start-up the conductivity was very low due to the low conductivity 

of the initial slude (0.987±0.017 mS cm-1). 

 

Table 6.9. Medium characteristics of the anodic reservoir of air-breathing membrane and 

membraneless MFCs with working and operated under closed circuit conditions.  

 

MFC 
pH Conductivity  

(mS cm-1) 

Turbidity 

(FAU) 

Suspended Solids 

(mg L-1) 

Membrane 7.51±0.18 14.31±1.33 331±175 802±242 

Membraneless 7.59±0.06 15.55±0.44 299±147 744±119 

 

The turbudity of the medium is an indicative of the suspended 

microorganisms, whose concentration is also reflected on the Table. Both turbidity 

and concentration of suspended solids can be considered almost the same when 

working with membrane or not. This behavior can be related to the sludge age that 

rules both systems and to the same substrate, but also to the location of the anodic 

chamber. 

The comparison of the capacity has been made in terms of electrochemical 

measurements and the most important are summarized in the following figures, 

where the polarization curves (Figure 6.15), the impedance (Figure 6.16) and a cyclic 

voltammetry (Figure 6.17) are compared.  

In both polarization curves, it can be observed two of the three typical 

regions. The steeper slope of the membraneless MFC, especially during the start-up, 

may indicate a higher resistance on the membraneless system and limitations of 

reactives in the active centers of the electrodes due to the absence of membrane which 

not only favors the diffusion of protons to the cathode in this case, but of every kind 

of substance able to pass through the pores of anodic carbon felt. In addition, during 

the start-up the gap between electrodes must be filled with solution from the anodic 

chamber filtered through the anodic electrode. This explanation is confirmed by the 

values of the internal resistance in each stage calculated according Chapter 4 [47]. 

During the start-up, the internal resistance for the membraneless MFC was 11.14 kΩ, 
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much higher than the MFC with PEM, with an internal resistance of 0.17 kΩ. The 

internal resistance decrease during the experimentation time due to the growth of 

electrogenic cultures and biofilm until values of 318.2 Ω and 232.9 Ω in the absence 

and presence of PEM in the MFC, respectively. This evolution of the internal 

resistance is also related to the conductivity of the anodic medium, which was almost 

neligible in the initial sludge seed but then rised due to the continuous addition of 

fresh conductive synthetic wastewater.  

 

Figure 6.15. (a) Polarization and power curves of air-breathing MFCs at the start-up in the 

presence and absence of the membrane. (b) Polarization and power curves of air-breathing 

MFCs at the steady state in the presence and absence of the membrane. Symbols 

corresondance: (●) Membrane MFC; (●) Membraneless MFC. 

 

Regarding the polarization and power curves, they reflect the successful 

development of electroactive bacteria and the great performance of both devices. 

They achieved at the steady maximum current density values of 17.92 and 13.38 A 

m-2, started at 2.48 and 0.27 A m-2, and maximum power densities around 1.42 and 

2.00 W m-2, started on 0.22 and 0.06 W m-2, in the presence and absence of 

membrane, respectively. The higher internal resistance of the membraneless MFC is 

they key responsible of the worse performance of this system. This affirmation was 

corroborated by the extreme value of the semicircle of the impedance in Fig. 6.16, in 

which the lower extreme value of this semicircle informs about the resistance of the 

system.  
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Figure 6.16. (a) Impedances of air-breathing MFCs at the steady state in the presence and 

absence of the membrane. (b) Impedance data of an air-breathing MFCs at the steady state in 

in the presence and the absence of a membrane fitted to equivalent circuits. Symbols 

correspondence: (●) Membrane MFC; (●) Membraneless MFC; ( ― ) Equivalent circuit. 

 

In Fig 6.16.a, it can be seen that despite of reproducing the same curve, the 

starting value is much higher in the case of the membraneless MFC. In addition, after 

fitting the data to the complete cell equivalent circuits (Section 4.2.3), the 

contributions of each element of the MFC were obtained (Figure 6.16.b and Table 

6.10). 

 

Table 6.10. Parameters from fitting impedance data to equivalent circuits. 

MFC R 
ohm

 (Ω) R 
anode 

 (Ω) R 
cathode

 (Ω) N 

Membrane 25.3 (5.2%) 37.3 (49.0%) 277.5 (50.5%) 0.39 (16.57%) 

Membraneless 52.5 (0.5%) 54.3 (0.9%) NA*  0.72 (1.03%) 

*NA: not avaible due to the aperture of the second semicircle.  

 

The ohmic resistance corresponds to contribution of the membrane to the 

whole resistance. As it can be observed with the presence of membrane, the Rohm is 

25.3 Ω, while the gap between electrodes in the absence of membrane results in a 

Rohm of 52.5 Ω. This fact confirms what has been explained throughout this Section. 

In addition, the aperture of the not closed semicircles indicates a high polarization 

resistance of the cathode compared to the lower values of the anodic polarization 

resistance. This fact indicates that under open circuit conditions, the capacity of the 
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MFC is limited by the cathodic processes, which is in line with the results explained 

in the Section 6.2. The parameter “n” indicates the capacitance of the system. If n 

tends to 0, the MFC behaves as a capactive system while a value around 1 is 

synonymous of a resistive system. Results point out that the membrane MFC is more 

capactive than the membraneless system. However, the similarity between the shapes 

of the curves of the cyclic voltametries (Fig 6.17) when using or not the membrane 

reflects the same behavior of the anodic.  

The slight difference of the current density obtained when applying 0.5 V 

because its values are of the same order of magnitude demonstrated that the usage of 

the membrane has no influence in the performance of the anodic chamber if this 

chamber is not placed between anode and cathode. In addition, the absence of the 

typical sigmoidal shape can be related to the location of the electrode reference in the 

CV tests in the anodic reservoir, where the responsible of the electron donation is 

related to mediate electron mechanisms and not directly to the biofilm. The 

configuration of the MFC did not allow to approximate the anodic electrode with the 

reference electrode. 

 

 

Figure 6.17. Cyclic voltammetry of air-breathing MFCs at the steady state in the presence and 

absence of the membrane. Symbols correspondence: (●) Membrane MFC; (●) Membraneless 

MFC. 
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In general terms, the similarity between the behaviors of the membrane and 

membraneless MFCs can have its origin in the design of the MFC. The removal of 

the membrane decrease the internal resistance when the anodic chamber is located 

between the anode and the cathode [37]. In this work, the anodic chamber is placed 

in the side of the anode but not confronted with the cathode and when the membrane 

was removed, a gap was left between anode and cathode to avoid electrical contact 

inside the MFC. This gap means an internal resistance that according to the results is 

higher than the resistance offered by the PEM.  

During the start-up, the membraneless MFC requires more time to produce 

electricity, probably the time that the gap requires to be filled with liquid from the 

anodic chamber to get a flow of protons from the anode to the cathode. Once, both 

systems achieved the steady state, the performance under closed circuit conditions is 

very similar, so there are no influence of oxygen from the cathode to the anode. At 

this point, it is important to take into account that the anode was made of carbon felt. 

This carbon felt is characterized by containing a lot of small pores. If these pores are 

filled with microorganisms, in case of leakages of oxygen, it would affect to the 

bacteria facing the cathode but not to bacteria facing the wastewater, which passes 

from the other side of the anode. 

 

6.5.  Conclusions 

From the results obtained in this Chapter, the following conclusions can be 

drawn: 

- Increasing the loading of catalyst in the cathode from 0.25 to 2.00 mg Pt 

cm-2 results in an increase in the electric capacity of the system, both in 

terms of current and power produced. However, under closed circuit 

conditions an exerted current density of 10 A m-2 can be reached, 

regardless of the platinum load contained in the cathode, pointing out that 

the performance is controlled by the anodic processes. In addition, 

cathode platinum loading does not affect to the treatment capacity of the 

air-breathing MFCs. Hence, platinum in the cathode of air-breathing 

MFC can not be considered as a crucial element and it can be omitted 

without affecting the efficiency of this power supply system. 
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- Addition of the metallic compounds on the surface of the anodic electrode 

enhaces the performance of the MFC due to a decrease of the internal 

resistance. The highest electricity generation was achieved when dopping 

the anode with Ni: a current density of 7.5 A m-2 under closed circuit 

conditions, an increase of about 3 times more in the maximum power 

density (2.92 W m-2)  and of 0.25  V in the OCV respect to the system 

without metal addition. 

- 3D carbonaceous materials showed better performance than plain ones. 

The best performance is achieved with carbon felt as anode achieving 

14.5 A m-2 of current density under closed circuit conditions and 3.99 W 

m-2 of maximum power density. Carbon felt outperforms all the other 

materials and because of its robustness and low cost is selected as the 

optimum material for the development of air-breathing MFCs. 

- The implementation of a membrane between anode and cathode of an air-

breathing MFC leads to a faster stabilization and to a slightly better 

performance, but it does not behave as a crucial element and can be 

omitted without affecting seriously to the stability or average 

performance of the MFC. 
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CHAPTER 7: 

SELECTION OF THE MOST 

EFFECTIVE SUBSTRATES TO BE 

USED AS FUEL OF THE MFCS 

 

 

This Chapter is based on: 

- S. Mateo, P. Cañizares, M.A. Rodrigo, F.J. Fernández-Morales, Effect of different 

substrate sources on the performance of microbial fuel cells, Admitted in Chemosphere. 
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7.1. Introduction 

In the literature, it has been described that the electrogenic microbial 

consortia developed in the anodic chamber depends on the inoculum source [1], the 

enrichment procedure [2] and the substrate [3]. The substrate is used by electrogenic 

microorganisms as the fuel for its metabolism and has a considerably impact on the 

development of optimal biofilms and suspended consortia and, therefore, on the 

generation of electricity. Thus, the power obtained is an indicative of the electrogenic 

efficiency of the microbial respiration.  

A wide variety of compounds can be used as substrates ranging from 

fermentable to non-fermentable substrates and even alcohols [4, 5] or complex 

organic molecules such as meat processing wastewater [6], paper recycling 

wastewater [7], urine [8], brewery wastewater [9], chocolate industry wastewater 

[10], rice straw hydroslysate and potato wastewater [11], among others.  

The biodegradability of the substrate is the key to develop electrogenic 

bacteria [12]. Electrogenic bacteria are able to completely oxidise readily 

biodegradable substrates. However, when dealing with complex substrates, 

electrogenic microorganisms require the cooperation of hydrolytic and fermentative 

microorganisms, which generate short-chain fatty acids and fermentation products 

that can be easily consumed by the electrogenic bacteria [13, 14]. In the literature, 

synthetic wastewater has been intensely used in research studies, mainly to ensure 

that pure cultures are not externally contaminated. It is also very common the addition 

of acetate and glucose [12] to the synthetic wastewater as main substrate. Sometimes 

it has been also used lactate and xylose [15].   

Glucose has been reported to produce maximum power densities in two-

chamber MFCs of 40.3 mW m-2 using carbon paper as anode and Geobacter SPP as 

bacteria [16, 17], 16 mW m-2 with graphite in the anode and Saccharomyces 

cerevisiae and 283 mW m-2 using graphite plates as anode and mixed culture in a 

two-chamber air breathing MFC [18]. Feeding acetate to a double chambered MFC 

with carbon paper in a single chamber MFC, in which the anode was carbon cloth 

and microbial consortia was a mixed culture, results in 506 mW m-2 [19]. In the case 

of the lactate in a double chambered MFC, whose anodic electrode was carbon paper 

and the bacteria enriched was Geobacter SPP, the maximum power obtained was     
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52 mW m-2  [16, 17]. More information about the influence of the substrate on the 

performance of the cell can be found in Table 7.1. 

 

Table 7.1. Literature data collection of MFCs fed with different substrates. 

Substrate Culture Type of MFC Pmax (mW m-2) Ref 

Acetate Mixed Single chamber  506 [19] 

Acetate Mixed  Two-chamber 88 [20] 

Acetate Mixed  Single chamber air-breathing 549 [21] 

Acetate Mixed Two-chamber 450 [22] 

Acetate Mixed Two-chamber 268 [23] 

Glucose 
Saccharomyces 

cerevisiae 
Two-chamber air-breathing 283 [18] 

Glucose Mixed Two-chamber 40 [17] 

Glucose Mixed Single chamber  494 [24] 

Glucose Mixed Single chamber  2160 [19] 

Glucose Mixed Single chamber 173 [25] 

Glucose Mixed Single chamber 220 [20] 

Glucose Rhodoferax Two-chamber 17 [26] 

Lactate Mixed Two-chamber 52 [17] 

 

In order to attain the traditional conception of replacing traditional treatment 

technologies by self-sustaining wastewater treatment, there are many publications 

that have tested industrial wastewater in MFCs. At this point, there is a wide diversity 

of sewage, which leads to a variety of compositions and organic loads. 

 (Table 7.2). 

 

Table 7.2. Literature data collection of MFCs fed with different substrates. 

Substrate Inlet COD (mg  L-1) Type of MFC Pmax (mW m-2) Ref 

SWW from winery 

industry 
2200 Single chamber  278 [27] 

Mill olive 

wastewater 
4300 Single chamber 124 

[17, 

28] 

SWW from winery 

industry 
10100-6400 Single chamber 263-111 [29] 

Cassava mil 

wastewater 
8320 Single chamber  261 [30] 

SWW from starch 

processing 
4852 Single chamber 239 [31] 

Swine wastewater 8320 Single chamber 261 [32] 

Brewery 

wastewater  
19000 Single chamber 750 [33] 

Cassava mil 

wastewater 
16000 Single chamber 1771 [30] 

 

Despite the wide diversity of substrates that can be used as fuel, it is 

important to determine the main objective to achieve with MFC technology: 
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electricity generation, wastewater treatment or both. One one hand, and from the 

point of view of the electricity generation, it can be observed in the literature data 

collection that not every substrate result in a high energy recovery. On the other hand, 

it can be observed the wide variety of substrates suitable for MFCs. Taking into 

account that the main objective of this PhD Thesis is making this technology really 

feasible, it is very important to limit the range of substrates to only those which may 

favor the electricity generation. 

 

7.2. Objectives and scope 

It is difficult to compare performances from literature data as the studies are 

carried out at different environmental and operational conditions, with different 

material of the electrodes, different surface-area ratios and enriched with different 

inoculum sources. Moreover, most of the comparisons reported in the literature are 

based on phenomenological evidences without presenting the real cause of the 

performance. For this reason, the aim of this Chapter is to elucidate the influence of 

different substrates operating on almost identical miniaturized MFCs under the same 

operational conditions in order to select the optimal one that enhance the electrical 

performance. In addition, in order to be successful when implementing MFCs, it is 

necessary to feed the MFCs with the adequate substrate. The organic substrates 

studied were selected following the criteria of increasing the number of carbon atoms 

in the molecule: acetate (C2), lactate (C3), glucose (C6) and octanoate (C8). In 

addition, in order to justify this choice, it is important to take into account that acetate 

is the final product of many metabolism pathways and that  lactate and glucose are 

frequently contained in industrial wastewaters, while the use of more complex 

carboxylic groups have not been studied yet and its performance is still unknown.  

 

7.3. Materials and methods 

In this Chapter, the MFC dimensions, enrichment and operation of the MFC 

were as described in the Section 4.2. Tests were carried out with synthetic wastewater 

prepared in the laboratory according the Section 4.2.2. The composition and 

concentration of the nutrients remained unchanged. However, the carbon source was 

modified in order to select the optimal substrate. Acetate, lactate, glucose and 

octanoate were tested without modifying its concentration (10000 mg COD L-1). 
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Tests were named as MFC-A, MFC-L, MFC-G and MFC-O, respectively. After the 

preparation of the fuel, each solution was autoclaved at 105º C for 30 minutes to 

prevent its degradation.  

 

7.4. Results and discussion 

Figure 7.1 reports the evolution of the electricity production, in terms of 

exerted current density under closed circuit conditions, and the COD concentration 

in the effluent after a day being recirculated in the system.  

In Fig. 7.1.a, it can be observed the three typical stages related to the 

electrogenic growth. In addition, the lenght of the lag phase increases with the 

number of carbons in the substrate. For example, the lag phase took about 10 days 

for MFC-L while MFC-A only required 6 days to show electrogenic activity. For 

MFC-G and MFC-O, the length of the lag phase was about 15 days. Likewise, a 

steady state production was reached after 40 days of operation in the four MFCs 

tested. At the steady state, it was observed that the simpler the substrate, the higher 

the current density exerted under closed circuit conditions. Current density outputs 

under closed circuit conditions of 5.451±0.69, 0.163±0.027, 0.051±0.009 and 

0.015±0.001 A m-2 were generated when fedding acetate, lactate, glucose and 

octanoate, respectively. The electricity generation capacity is related to the 

electrogenic activity in the anodic chamber. Thus, this fact indicates that the nature 

of the substrate determines the type of metabolic reactions taking place in the MFC.  

The MFC fed with acetate perfomed much better than the others did. Acetate 

is the simplest molecule as it consists of two carbons and it is known to be very easily 

oxidized by electrogenic bacteria [34].  Current density exerted when feeding lactate 

was one log-unit below of the current density exerted when feeding acetate. This 

lower electrogenic activity must be due to the transformation of the lactate into 

acetate.  In the tests with glucose and octanoate, the low current density exerted could 

be explained by a scarce electrogenic metabolism outcompeted by the predominant 

fermentative and/or methanogenic metabolisms [35]. These results confirm that the 

complexity of the carbon source affects strongly to the performance of a MFC, 

presenting the substrates containing the largest number of carbons, the higher 

probability for growing up non-electrogenic microorganisms cultures and the higher 

probability for secondary reactions to occur. 
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Figure 7.1.  (a) Electricity generated by air-breathing MFCs fed with different substrates and 

operated under closed circuit conditions. Data is the average of 24 hours with 13% of error. 

Inset: Evolution of the time required to achieve the steady state and the current density at the 

steady state with each substrate. Data is the average of 12 steady state days and error bars 

represent the STDV. (b) Evolution of the COD concentration in the anodic reservoir of air-

breathing MFCs fed with different substrates and operated under closed circuit conditions.  

Data is the average of three measurements with 2% of error. Symbols correspondence: (Δ) 

MFC-A (acetate); (□) MFC-L (lactate); (◊) MFC-G (glucose); (○) MFC-O (octanoate). 
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In Fig. 7.1.b, it can be observed that the COD in the auxiliary tank presents 

a very similar trend, regardless of the type of fuel (substrate) consumed. During the 

first days, the COD was almost completely removed. In particular, the first day 

around 97.81%, 90.20%, 90.01% and 92.67% of the initial COD was removed when 

the MFCs were fed with acetate, lactate, glucose and octanoate, respectively. The 

high initial removal can be explained because of the source of the sludge, the aerobic 

reactor of a conventional WWTP, and the enrichment procedure followed. Under 

these conditions, the initial concentration of active microorganisms was very high, 

leading to a superb performance of the biological system in terms of COD removal. 

However, the COD degradation capacity of the system decreased until achieving an 

analogous consumption steady state, which is the expected performance of biological 

reactors operated under the same sludge age. The COD consumption rate once 

reached the steady-state was very similar in all the cases: 625 ppm COD d-1 for the 

acetate, 667 ppm COD d-1 for the lactate, 520 ppm COD d-1 for the glucose and 786 

ppm COD d-1 for the octanoate. In comparing the information of the COD removal 

and the electricity production, it must be highlighted that despite of a very similar 

carbon removal, the current produced by the MFC-L, MFC-G and MFC-O was very 

low. Thus, MFCs can degrade a wide variety of substrates, regardless of their 

complexity without producing electricity under a sludge age of 2.5 days. This 

behavior leads to inefficient process as reflected the low values of Coulombic 

efficiency reached the steady state (Fig 7.2).  About 0.3% of CE was obtained in all 

the cases with the exception of the acetate, which achieved a CE of 12.6%. The 

acetate showed a CE about 40 times the values obtained with lactate, glucose and 

octanoate. This fact indicates that the acetate improved the electrogenic performance 

of the MFC. In the literature, acetate has been described by its capacity to stimulate 

electroactive bacteria [31] but the reasons has not been well stablished yet.  

With the aim of deepening the behavior of the MFCs, both COD and current 

daily profiles have been evaluated at the steady state (Figure 7.3), considering that 

the MFCs behave as a CSTR over long periods.  
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Figure 7.2. Evolution of the Coulombic efficiency in air-breathing MFCs fed with different 

substrates and operated under closed circuit conditions. Symbols correspondence: (Δ) MFC-A 

(acetate); (□) MFC-L (lactate); (◊) MFC-G (glucose); (○) MFC-O (octanoate). 

 

The electricity production remained constant (Fig 7.3.a) during a whole day, 

regardless of the substrate because of the excess of the initial COD and the low 

requirement of organic matter by bacteria at a sludge age of 2.5 days. The daily cicle 

profile of the current density does not match the profile shown in the Section 5.3. In 

that section, the organic matter was totally removed because the competiveness of 

microorganisms at high sludge ages. Taking into account that the system is operated 

under a low sludge age (2.5 days), fed with fresh synthetic wastewater at time 0 and 

that wastewater is recirculated through the system during a day, without being 

subjected to new substrate additions, Fig 7.3.b demonstrates a continuous oxidation 

of COD independently of the electricity generation. In addition, the profile observed 

for one substrate is reproducible for the other three.  

The pH is an indicative of the type of the microorganisms contained in a 

biological culture [36]. Table 7.3 reports the pH of the sludge used to start-up the 

MFC, the pH at the steady state and the pH of the synthetic wastewater added daily 

to the system. 
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Figure 7.3. (a) Daily cycle profile of the electrity generation in air-breathing MFCs fed with 

different substrates and operated under closed circuit conditions. Inset: zoom of MFC-L, MFC-

G and MFC-O.  Data in as an average of 12 measurements in an hour with its STDV in the 

error bars. (b) Daily cycle profile of the COD removal in air-breathing MFCs fed with different 

substrates and operated under closed circuit conditions. Symbols correspondence: (Δ) MFC-A 

(acetate); (□) MFC-L (lactate); (◊) MFC-G (glucose); (○) MFC-O (octanoate). 

 

Table 7.3. Evolution of the pH during the operation under closed circuit conditions of air-

breathing MFCs fed with different substrates. 
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pH steady state 
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0

200

400

600

800

1000

0 5 10 15 20 25

C
O

D
 r

em
o

v
ed

 /
 m

g
 L

-1

Time / hours

0

1

2

3

4

5

6

7

0 5 10 15 20 25

C
u

rr
en

t
d

en
si

ty
/ 
A

 m
-2

Time / hours

0

0.1

0.2

0.3

0 10 20

j 
/ 

A
 m

-2

Time / hours)



 

TOWARDS THE DEVELOPMENT OF HIGHLY EFFICIENT MICROBIAL FUEL CELLS 
 

 
203 

The influent pH was within the range considered optimal for the 

development of electrogenic microorganisms (6-8) [36]. However, at the end of a 

daily cycle the pH registered was 7.51 for MFC-A, 6.71 for MFC-L, 4.07 for MFC-

G and 7.71 for MFC-O. These results suggest different microbial transformations 

taking place in each anodic chamber. Anyway, the daily addition of raw wastewater 

causes a slight increase of the pH and contribute to the regulation of the initial pH at 

the beginning of the cycle. It is remarkable that MFC fed with acetate and octanoate 

operated under an optimal pH for electrogenics while lactate and glucose systems are 

susceptible to be dominated by acidogenic bacteria as indicates its pH, especially low 

for the glucose.  

Regarding to the conductivity, it can be considered negligible in the initial 

sludge used to enrich the process (1.83±0.4 mS cm-1). Despite of preparing the 

synthetic wastewater with the same nutrients composition, the substrate affects the 

conductivity: 14.50 mS cm-1 for the acetate wastewater, 10.80 mS cm-1 in the lactate 

wastewater, 6.40 mS cm-1 for the glucose wastewater and 10.50 mS cm-1 for the 

octanoate wastewater. At the steady state, the values of the conductivity in the anodic 

reservoirs remained very similar to the conductivity of the synthetic wastewater 

(MFC-A 14.31±1.33 mS cm-1, MFC-L 10.31±0.56 mS cm-1, MFC-G 5.50±0.24 mS 

cm-1, MFC-O 9.00±0.56 mS cm-1). It is important to remark the high conductivity of 

the MFC-A, which enhances the electron transfer from the bacteria to the anode, and 

the low conductivity values in MFCs fed with more complex substrates. 

With the aim to deep inside the fermentation processes taking place, the 

intermediates were quantified by HPLC (Figure 7.4). As it can be observed, the 

acetate evolves partially into formate, which is known to be consumed by acetogenic 

bacteria [37]. This explains the low concentration detected. In addition, it is important 

to point out that the acetate usually acts as a final product because it is the end-product 

of several metabolic pathways [35]. On the other hand, lactate was almost completely 

converted into acetate and formate, pointing out the importance of hydrolytic 

microorganisms in the understanding of the performance of the MFC fed with this 

compound. In turn, glucose is known to undergo the cycle of carbohydrates, in which 

two molecules of pyruvate are generated. This cycle ends with the formation of 

lactate. However, none of the two species were detected and this has to be explained 

in terms of their subsequent oxidation in the liquid bulk. Finally, it is important to 



CHAPTER 7: SELECTION OF THE MOST EFFECTIVE SUBSTRATES TO BE USED AS FUEL OF TEHE 

MFCS  
 

 

 
204 

point out that the formation of lactate was appreciable when the substrate used was 

octanoate, which also go forward into formate and lactate, being their concentration 

not relevant.  

 

 

Figure 7.4. (a) Daily cicle profile of the intermediates in the anodic reservoir of MFC-A under 

closed circuit conditions at the steady state. (b) Daily cicle profile of the intermediates in the 

anodic reservoir of MFC-L under closed circuit conditions at the steady state. (c) Daily cicle 

profile of the intermediates in the anodic reservoir of MFC-G under closed circuit conditions 

at the steady state. (d) Daily cicle profile of the intermediates in the anodic reservoir of MFC-

O under closed circuit conditions at the steady state. Symbols correspondence: (●) Total COD; 

(□) Formate; (Δ) Acetate; (○) Lactate; (◊) Glucose; (*) Octanoate. 

 

Cyclic voltammetries were carried out to further investigate the behaviour 

of the MFCs (Figure 7.5). As known, the shape of the cyclic voltammetries may give 

information about the processes taking place on the electrode surface, although in 

complex systems like the MFCs studied in this work, the information has to be 

evaluated very carefully, because of the large number of processes that may occur 

simultaneously. In each case, the black line corresponds to the abiotic reference 

(cyclic voltammetry of the systems in absence of microorganisms). 
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Figure 7.5. (a) Cyclic voltammograms of MFC-A at the steady state. (b) Cyclic 

voltammograms of MFC-L at the steady state. (c) Cyclic voltammograms of MFC-G at the 

steady state.  (d) Cyclic voltammograms of MFC-O at the steady state. Symbols 

correspondence: (―) MFC with bacteria; (―) MFC without bacteria.   

 

MFC-A was capable to generate a high current of 4.4 mA with a zero voltage 

of 0.497 V vs Ag/AgCl and 1.75 mA with a zero voltage of -0.401 V vs Ag/AgCl. In 

addition, this MFC growing with acetate fuel produced a significant opened 

bioelectrochemical signal (difference between the direct and the reverse scan) while 

the curves were much closed for glucose, lactate and octanoate. Initially, this 

difference may be related with the electroactivity of the biofilm and, in fact, it has 

been proposed that a closed curve indicates a poor formation of electrogenic biofilm 

[38]. It is interesting to observe the voltammogram obtained in the case of the 

octanoate, which did not show a similar pattern, suggesting more complex processes 

with the material.  
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the MFCs. For the sake of clarity, only tests related to the start-up (day 5) and to the 

steady state (day 85) are shown in Figure 7.6 and Table 7.4.  

 

 

Figure 7.6. (a) Polarization and power curves of air-breathing MFCs air-breathing MFCs fed 

with different substrates at the start-up. Inset: zoom of MFC-L, MFC-G and MFC-O. (b) 

Polarization and power curves of air-breathing MFCs with anodes doped with different metals 

at the steady state. Inset: zoom of MFC-L, MFC-G and MFC-O at the steady state. Symbols 

correspondence: (---) MFC-A (acetate); (---) MFC-L (lactate); (―) MFC-G (glucose); (―) 

MFC-O (octanoate). 
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Table 7.4. Electrochemical parameters of air-breathing MFCs fed with different substrates. 

 Start-up characterization Steady state characterization 

MFC OCV 

(V) 

P
max

  

(W m
-2

) 

J 
max 

 (A m
-2

) 

R 
int 

 (kΩ) 

OCV 

 (V) 

P
max

  

 (W m
-2

) 

J 
max

  

(A m
-2

) 

R 
int

  

(Ω) 

MFC-A 0.383 0.219 2.485 1.75 0.376 1.809 19.505 0.24 

MFC-L 0.309 0.028 0.317 11.85 0.360 0.117 2.255 1.58 

MFC-G 0.231 0.03 0.265 10.47 0.259 0.035 0.347 7.90 

MFC-O 0.671 0.007 0.044 174.74 0.294 0.036 0.443 7.27 

 

As it can be observed, the curves suggest a significant enhanced 

performance for MFC-A, especially because it is the only MFC that shows 

significative electrochemical behavior the day 5th. 

The OCV is similar in most of the cases with the exception of MFC-O at the 

start-up. Electrode materials were the same in all the tests, so this fact points out the 

differences in the oxidation and reduction reactions. In addition, the OCV of         

MFC-O decreased with the time indicating a decline of its capacity when operating 

it as a MFC.  

Regarding the maximum power and current density achievable, it ranges 

between 35-2000 mW m-2 and 0.35-20 A m-2, respectively, following the pattern of 

the more complex the substrate, the worse the performance. No relevant 

improvement in the performance is observed in MFC-G and MFC-O. It is remarkable 

the electrochemistry activity of MFC-A, whose power curves reflect its good 

performance as compared with the other substrates. It can achieve approximately 2 

W m-2 and 20 A m-2, five times higher than the current density obtained under closed 

circuit conditions. These results are very remarkable when comparing with those 

shown in literature and presented in Table 7.1.  

MFC-A and MFC-L described the three regions of the polarization curves 

(polarization, ohmic and transfer losses) whereas MFC-G and MFC-O shows two 

zones. It indicates that there are polarization problems in MFC-A and MFC-L that 

can contribute to restrictions in the electricity generation. In many cases, it is very 

difficult to discern the role of the ohmic and transfer losses, especially during the 

start-up due to the slope of the ohmic losses as reflects higher values of internal 

resistance. At the steady state, the internal resistance decrease considerably reaching 
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lower values, especially in MFC-A, which decreased from 1.75 kΩ to 0.24 kΩ. In 

addition, polarization problems are more significative for the lactate than for the 

acetate, which can affect the electricity generation. Curves also point out the 

important role of the mass transfer limitation, regardless of the stage of the 

experiment and regardless of the substrate. However, the contributions to the overall 

limitation are not clear. Therefore, and with the aim to deep inside on the 

electrochemical behaviour of the systems, and to quantify the relevance of the main 

driving forces of the electrochemical performance of the MFC, the power curves 

were modelled by using an empirical polarization curve model developed by Kim et 

al [39]  described in the Section  6.4.2.2.  

Results from modelling the polarization curves are shown in Table 7.5 and 

in Figure 7.7. It can be observed an accurate adjustment, with correlation coefficients 

higher than 0.95 in all the cases. 

 

 

Figure 7.7. Modelling of the polarization curves of air-breathing MFCs fed with different 

substrates at the steady state. Inset: Zoom. Symbols correspondence: (Δ) MFC-A (acetate); (□) 

MFC-L (lactate); (◊) MFC-G (glucose); (○) MFC-O (octanoate); (lines) Model fitting. 
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Table 7.5. Fitting values of the parameters of the empirical model corresponding to the 

polarization curves. 

Parameter MFC-A MFC-L MFC-G MFC-O 

𝑬𝟎 (V) 0.376 0.350 0.290 0.259 

b (V/decades) -0.005 -0.005 -0.005 -0.005 

𝑹𝒊 () -228.42 -2850.26 -7276.41 -6073.74 

m (A) -0.011 -0.015 -0.013 -0.016 

n (A-1) 1.00 1.00 1.00 1.00 

 

By analyzing the results, it can be highlighted that the E0 value slightly 

decreased with the complexity of the substrate, presenting the higher value the acetate 

and the lowest the octanoate. This indicates that performance of the MFC is enhanced 

when operating with the most bidegradable substrates. With regards to the b 

parameter, as it was mentioned previously, experimental results were well fitted with 

a -0.005 V/decade, suggesting that no appreciable electrocatalytic effects can be 

highlighted.  

The values calculated by the fitting procedure for m and n where almost the 

same in all the cases. These results are interesting because the parameter n is related 

to the smallest current density that causes the voltage to deviate from linearity, due 

to mass transfer limitations. In this context, when the current density is less than the 

threshold value, the term of mass transfer losses is negligible in the low and moderate 

current density ranges. Because of that, the constant value of n presented in Table 7.5 

indicates an identical behavior in terms of mass transfer limitations in all the cases.  

On the other hand, m coefficient is related to the relevance of the mass 

transfer phenomenon occurring over the entire range of current densities. As can be 

seen in Table 7.5, the m value was not identical although also very similar in all the 

cases. Because of that, similar performance effects were expected when the threshold 

current density is overcome. 

On the other hand, it is very remarkable the significant differences of the R 

value when operating with the different substrates, presenting the lowest value of R 

the acetate. The low value of the acetate could be explained by the development of a 

more electroactive biofilm when operating with this substrate, due to a higher 

conductivity of the fuel solution fed or the combination of both factors. As it was 

explained previously, at the start-up the role of the conductivity was negligible 

because of the negligible conductivity of the initial sludge. Once reached the steady 
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state, despite the same nutrients composition, the conductivity of the stock solutions 

containing different organic substrates presented different conductivities. In addition, 

the values of the conductivity in the anodic reservoirs remained very similar to the 

conductivity of the wastewater at the steady state (MFC-A 14.31±1.33 mS cm-1, 

MFC-L 10.31±0.56 mS cm-1, MFC-G 5.50±0.24 mS cm-1, MFC-O 9.00±0.56 mS cm-

1). It is important to remark the highest conductivity of the MFC fed with acetate, 

which enhances the electron transfer, and the low conductivity values in MFCs fed 

with more complex substrates. Because of that, the poor performances when 

operating with lactate, glucose and octanoate can be explained in terms of a higher 

internal resistance, ranging from 2.2 and 7.5 kΩ, at least one magnitude order higher 

than the internal resistance experienced when acetate was used. These results indicate 

that the activation losses, kinetics limitation and mass transfer seemed to be very 

similar, being the main limitation that rules the system the ohmic losses, being the 

acetate the substrate yielding the minimal internal resistance and that, consequently, 

obtains the best performance. 

 

7.5. Conclusions 

According to the results obtained from this Chapter, the following 

conclusions can be drawn: 

- There is a clear effect of the type of the substrate fed to the MFC on the 

production of electricity despite of having use the same organic load. 

- Acetate is a superior substrate to start-up to enhance the electrogenic 

metabolism. In the comparison tests, it was achieved a current density of 

5.451 A m-2 under closed circuit and 20 A m-2 as maximum current 

density, 2 W m-2 of maximum power density, 0.376 V of OCV and 

12.63% of CE, values much better than those obtained by the other three 

substrates tested. 

- MFCs can degrade a wide variety of substrates, regardless of their 

complexity without producing electricity MFCs, so they can be used as 

organic removal treatment technology. 

-  By modelling the polarization curves it was found that the better 

performance of the acetate is due to the lower ohmic losses experienced 

when operating with this substrate, which are not associated to the 
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electrolyte conductivity but to the lower ohmic losses of the biofilm 

formed. 
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8.1. Introduction 

The practical application of single MFCs is actually limited because of the 

low power generated (50-200 W m-3) and low working potentials (in a range of 0.3-

0.5 V). For this reason, the scale-up of MFCs has received increasing attention during 

last years with the aim to develop high energy density devices to satisfy the energy 

demand of different electrical appliances. 

The implementation of this technology has been investigated from micro-

scale MFCs [1-6] to a size of thousands of litres [7-9]. The first pilot plant of 1 m3 

was built in Australia with the purpose of treating brewery wastewater [10] while a 

MFC of 100 L was created by Ge et al. [8]with the aim of extracting energy for 

external ultracapacitors. However, both studies were focused on the degradation 

process of the organic matter instead of on the electricity generation. Other works 

discarded the increase of the size of the MFC as a strategy because of efficiency lose, 

explained in terms of a considerable increase of the internal resistance, which inhibits 

the electron donation [11]. Thus, increasing the size of the MFC does not result in a 

proportional increase of the output energy and of the efficiency of the system [11]. 

Recent works point out the replication of miniaturized MFCs and its 

arrangement in a stack as a viable alternative to carry out scale-up. This proposal is 

often named as `miniaturization and multiplication´ [1, 12-15]. The miniaturization 

consists of reducing considerably the size of the MFC until building micro-chambers 

[2-5]. This configuration reduces the distance between electrodes, favoring the 

electron transfer, the control of the nutrients flow and the decrease of the internal 

resistance [1, 16], limiting the efficiency losses and, therefore, enhancing the MFC´s 

electrical performance. Electrical and hydraulic connections between the MFCs of 

the stack allow maximizing the performances of the stack. On one hand, parallel and 

series connection allows the increase of the current and the potential, respectively 

[11, 17]. The combination of both electrical connections in a stack can result in an 

energy dense device. However, series and parallel connection can produce contact 

potential losses and potential reversal due to imbalanced potentials caused by 

different reactions kinetics on the electrodes and erroneous operations, which worsen 

considerably the performances of the MFC [18, 19]. On the other hand, hydraulic 

connection can enhance the removal of organic matter [20, 21] by connecting 
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hydraulically the individual MFCs of the stack [21], because of the increase in the 

surface area exposed to the wastewater (fuel) and in the hydraulic retention time [20]. 

It allows shorter diffusion distance and a better utilisation of the substrate [20]. 

Monasterio et al. achieved a further algal removal employing a cascade of 3D printed 

miniature air-cathode MFCs [22]. It is important to avoid a large number of MFCs in 

the cascade because of the bad quality or total depletion of the fuel in the latter stages. 

This problem can be offset by increasing the flow rate, which causes a more uniform 

distribution of growth-limiting nutrients, but it is important to pay special attention 

to associated pressure problems. Indeed, Winfield et al. proved that organic matter 

can be reduced to acceptable levels and generate electricity when operating MFCs in 

cascade, which responded satisfactory to fluctuating flow rates [23, 24].  

The first ̀ real application´ of a MFC is probably a train toy named Gastrobot 

(robot with stomach) [25]. Instead of being supplied by standard chemical batteries 

or by photovoltaic panels, it was provided with batteries charged with the energy 

obtained in an abiotic/chemical fuel MFCs stack. This stack was fed with the products 

generated when E.Coli metabolizes sugar in the artificial stomach of the robot [25]. 

This creation leads to the first robot powered by MFCs named EcoBot-I fed with 

glucose. This robot was provided with capacitors that allows storing the energy 

generated by the MFCs and used to run the machine [26]. Many improvements were 

carried out before developing the first autonomous and self-sustainable robot. This 

robot was provided with a stack of miniaturized MFCs [13].  MFCs have been also 

proved to charge mobile phone and it was shown that self-sufficient MFCs stack can 

supply its own feeding pumps. Other practical implementations of MFCs has been 

developed in the biosensors field. A change in the current exerted by a MFC can be 

related to a change in the toxicity of a water, in the temperature, in the concentration 

of organic matter or of specific compounds such as Cr [27-36]. Synthetic wastewater 

is frequently employed in MFCs but its operation with real municipal and industrial 

wastewaters has also been tested satisfactory [37, 38].   

 

 

 

 

 



 

TOWARDS THE DEVELOPMENT OF HIGHLY EFFICIENT MICROBIAL FUEL CELLS 
 

 
219 

8.2. Objectives and scope 

Scale-up through the increase of the size of the reactor results inefficient but 

the replication of efficient devices can result in the preservation of its efficiency. For 

this reason, the previous chapters of this PhD Thesis consisted on maximizing the 

MFC performance by evaluating the design and operation parameters in order to 

create replicates of the optimal MFC. However, the arrangement of the replicates 

requires of an exhaustive assessment to implement efficiently this technology. In this 

context, the main goal of this Chapter is to study the scale-up process through the 

following partial objectives: 

- Deepen in the stacking process when increasing the number of MFCs 

arranged and elucidate the limitations. To do that, stacks of 1, 2, 5, 8 and 

16 MFCs were evaluated focusing on the electrical and hydraulic 

connection to deepen in the stacking process. 

- Implementation of the technology to light 220 LEDs continuously with 

the construction of 7 stacks of 16 mini-MFCs leading to a big module of 

112 MFCs. First of all, the robustness of the system was checked by 

studying the individual performance of the MFCs. Then, the electrical 

configuration of the invidiual stack was evaluated and also the connection 

of the stacks into modules. Finally, the connection of the modules was 

examined to light up a stripe of 220 LEDs.  

 

8.3. Materials and methods 

In order to deepen in the stacking process, stacks of 1 (S-1MFC), 2 (S-

2MFCs), 5 (S-5MFCs), 8 (S-8MFCs) and 16 MFCs (S-16MFCs) were built with 

optimized MFCs following the results of the previous chapters. The description of 

the MFC related to design (characteristics, size and materials) and to operation mode 

can be found in the Chapter 4. Each stack was integrated in an experimental set-up 

similar to the one described in Figure 4.1 of Chapter 4. Each stack was connected to 

an auxiliary tank of 115 mL. Therefore, there was a tank per stack, which contained 

the suspended bacteria and the wastewater used as fuel. It is important to mention 

that despite the similar performance with the presence and absence of membrane in 

the Chapter 6 (according to literature when connecting MFCs without membranes) it 
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is expected that  the system does not work in series, because it is impossible to 

generate the electron cascade required to increase the electrical potential [39]. 

The stacks of 1, 2 and 5 MFCs were constructed with the MFCs positioned 

horizontally. In the stacks of 8 and 16 MFCs, the MFCs were placed in horizontal 

chains of 4 units. The horizontal chains were connected in cascade in all the stacks. 

So, for example, for the stack of 2 units, the outlet of the first MFC was the inlet of 

the second MFC. In the case of the stacks of 8 and 16 MFCs, the outlet of each 

horizontal cascade of four MFCs were recirculated to the tank. Figure 8.1 shows the 

scheme of the stacks and the flow direction of the wastewater.  

 

Figure 8.1. Scheme of the stacks and of the flow direction. (a) Stack of 1 MFC. (b) Stacks of 

2 MFCs. (c) Stacks of 5 MFCs. (d) Stacks of 8 MFCs. (e) Stacks of 16 MFCs.  

 

Fot the sake of clarity, a perspective view of the stack of 2 MFCs is shown 

in Fig 8.2 as an example. Each stack consisted of methacrylate plates of 4 mm: one 

plate for the inlet of the wastewater to the anodic chamber, two plates to form the 

anodic chamber (one for the free pass of wastewater and the other one to place the 

anodic electrode) and one plate to create the cathodic chamber. It is important to 

mention that the stack of 16 MFCs was built up with polimeric material due to 

weakness of the methacrylate when increasing the number of MFCs.  
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Figure 8.2. Perspective view of the stack of 2 MFCs. 

 

During the start-up, each MFC was connected to an external resistance of 

120 Ω individually. For the electrical connection study, parallel and series connection 

were tested. In parallel connection, all the anodes of the MFCs that formed a stack 

were connected and all the cathodes were also connected resulting in two outputs, 

one for the anodes and another one for the cathodes, closed by an external load of 

120 Ω. When connecting in series, the cathode of the first MFC was connected to the 

anode of the second MFC. Finally, the anode and the cathode that remained 

unconnected are linked by a 120 Ω external resistance. On the other hand, for the 

hydraulic connection study, individual feeding was also tested by connecting an 

auxiliary tank of 115 mL per MFC.  

Once understood the main limitations in the stacking process, it was carried 

out the construction of 7 stacks of 16 mini-MFCs leading to a big module of 112 

MFCs. To do that, the previous stack of 16 MFCs was replicated. A real view of one 

of the stacks and of the big module is shown in Figure 8.3. Regarding to the hydraulic 

connection, horizontal cascades of 4 MFCs were created and each cascade was 

connected to an auxiliary tank of 115 mL in order to avoid limitations.  

 

Figure 8.3. (a) Real view of one of the 16-MFCs stacks. (b) Real view of the big module.  
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MFCs were seeded and started under closed circuit conditions by an external 

resistance of 120 Ω. Each MFC was connected to an external load, so the electrical 

connection was individual. Once the steady state was reached, parallel, series and 

combination of both electrical connections were tested. 

 

8.4. Results and discussion 

 

8.4.1. Study of the stacking process 

In first place, the effect of the number of MFCs on the performance of the 

stack was evaluated from the start-up until the steady state. The electrical connection 

was individual by closing the external electrical circuit of each MFC with an external 

load of 120 Ω.  

Figure 8.4 shows the electricity generated daily, in terms of current density 

exerted under closed circuit conditions, by the stack of 2 MFCs monitored over a 

period of 80 days.  

 

Figure 8.4. Evolution of the electricity generated by the two single air-breathing MFCs of S-

2MFCs under external individual electrical connection. Data error: 10%. Symbols 

correspondence: (○) First MFC of the cascade; (●) Second MFC of the cascade.  

 

In this figure, it can also be observed three of the bacteria growth stages in 

both MFCs that take place with a great similarity. For several days, there is no 

production of electricity (lag phase) and then, from 24th day, a noteworthy production 
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of electricity (exponential growth stage) is observed in both MFCs that increases up 

to a steady state (stationary phase), reached after 57 days of operation, from which 

the system can be considered to be operated at steady state conditions exerting a 

current density of around 10 A m-2.    

In Figure 8.5 it can be observed the time required to start producing 

electricity and to achieve the steady state by each stack. As indicated above, each 

single MFC was operated under a load of 120 Ω and the time required by each single 

MFCs was measured and the average value for each stack calculated.  It is important 

to take into account that each stack was connected to an auxiliary tank of the same 

volume. The Figure shows that longer operation times are required for the larger 

stacks even if the data is not very different. To understand this trend, it is worth to 

mention that the higher the number of MFC in the stack, the higher the electrode 

surface, and therefore the surface available for biofilm colonization with the same 

volume of initial inoculum in each stack. Thus, a higher surface to be covered by 

bacteria could explain the longer time required to reach the steady-state when 

working with stacks presenting high number of MFCs. 

 

Figure 8.5. Evolution of the time required to start producing electricity and to achieve the 

steady state when increasing the number of MFCs in the stack under external individual 

electrical connection. Value of the current density stabilized within the range ± 1.0 A m-2. Data 

is an average of the times required by the individual MFCs of each stack and error bars 

represented their STDV. Symbols correspondence: (●) Time to start producing electricity; (○) 

Time to achieve the steady state.  
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However, the evolution of the total suspended solids, which is related to the 

concentration of microorganisms contained in the recirculating tank of the MFC [40], 

follows the opposite trend (Figure 8.6).  

 

 

Figure 8.6. Evolution of the concentration of the total suspended solids in the anodic reservoir 

per stack under external individual electrical connection with 8% of error. Symbols 

correspondence: (○) Stack of 1 MFC, (●) Stack of 2 MFCs; (Δ) Stack of 5 MFCs; (▲) Stack 

of 8 MFCs; (□) Stack of 16 MFCs.  

 

It can be observed that for all adopted stacks, there is a decrease in the TSS 

concentration down to approximately the same steady state value, about 1000           

mg L-1. The similar behavior in all the cases can be explained taking into account that 

the five devices were fed with the same volume of inoculum and operated under the 

same sludge age. Hence, a similar growth of suspended microorganisms can be 

expected. The decrease in the concentration with time down to a constant value 

indicates that, during the acclimation of the biological culture, not all microorganisms 

seeded were able to survive. Additionally, a fraction is removed during the 

operational process due to the wash-out phenomena [30]. It is worth to mention that 

the stacks started to produce electricity approximately when the TSS concentration 

reached a constant value, pointing out that the generation of electric energy stablished 

once removed the non-electrogenic microorganisms. 
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The treatment capacitity of the stacks and the electricity production at the 

steady state is evaluated in Figure 8.7. As expected with the cascade connection, the 

stacks with a larger number of MFCs gave a higher decrease of the COD (Fig. 8.7.a).  

 

Figure 8.7. (a) Evolution of the COD removed daily per stack under external individual 

electrical connection. Data is an average of 7 days at the steady state with 3% of error. Symbols 

correspondence: (grey columns) COD removed for the entire stack. (b) Evolution of the 

electricity generated by the single MFCs of each stack. Data is an average of 7 days at the 

steady state under external individual electrical. STDV: 2MFCs-0.21; 5MFCs-3.33; 8MFCs-

4.73; 16MFCs-2.39. 
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As the suspended solids concentration is the same in each feeding tank, the 

total increase of the COD removal for larger stacks has to be explained in terms of 

the larger population of microorganisms fixed to the electrode surfaces, which 

degrades the COD in addition to the suspended bacteria contained in the tank. 

Likewise, the decrease per MFC can be explained because of the lower amount of 

fuel that reaches its anodic surface. However, attending to Fig 8.7.b, it can be 

observed that larger stacks results in lower current output per MFC. This fact 

indicates that the increase in the COD removal in the larger stacks can only be 

explained because of the combination of electrogenic and non-electrogenic 

microrganisms in both the biofilm and the suspended culture. In this context, a 

different metabolism was identified as reflects the evolution of the pH values: 7.12 

for S-1MFC, 6.98 for S-2MFCs, 6.95 for S-5MFCs, 6.71 for S-8MFCs and 6.36 for 

S-16MFCs. It is important to mention that the pH of the synthetic wastewater added 

on a daily basis was 7.45. The decrease of the pH with the number of MFCs stacked 

suggests the coexistence of an acidogenic population excreting acids as result of its 

metabolic activities. This reduction in the pH could be the responsible for the lower 

electrogenic specific performance when operating with high number of MFC in the 

stack. 

Regarding the average current density exerted by each individual MFC (Fig. 

8.6.b), a maximum in the production of electricity was observed for the stack with 

two cells. In order to explain this result, it has to be taken into account that the larger 

the number of cells contained in the stack, the higher is the dispersion in the current 

output of single MFCs. For example, the current output for the single cells of S-

2MFCs is around 10 A m-2 while for S-16MFCs, it ranges between 0.01-8.15 A m-2. 

The oscillation in the output signal was also observed by Winfield et al. [23], who 

operated a stack of 7 MFCs hydraulically connected in series. It is important to take 

into account that the COD concentration is not limiting the system as Fig 8.7.a 

showed that the COD was in excess in all the cases. Therefore, it is worth to consider 

the hydraulic connection between single cells in the stack: the effluent from each cell 

goes to the following cell up to groups of four of five cells (larger hydraulic 

connections were not useful because of the significant increase in the pressure inside 

the first cells). This means that the fuel fed to each cell depends on its position in the 

stack, on the number of cells stacked and on the number of hydraulic lines connected 
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to the same reservoir tank. Fig. 8.8 shows the current density exerted by each cell of 

the five stacks depending on their “hydraulic position in the stack”.  

 

Figure 8.8. (a) Evolution of the current density produced by the MFCs with its location in the 

stacks of 1 MFC, 2 MFCs, 5 MFCs and 8 MFCs. Symbols correspondence: (+) S-1MFC; (□) 

S-2MFC; (♦) S-5MFC; (Δ) S-8MFC. (b) Evolution of the current density produced by the 

MFCs with its location in the stacks of 16 MFCs. Symbols correspondence: (○) hydraulic line 

1; (●) hydraulic line 2; (●) hydraulic line 3; (●) hydraulic line 4. 

 

It can be observed that the current output increases with the distance to the 

inlet of the stacks and the dispersion in the data increases with the number of cells 

stacked. For the smaller devices, results are very similar, while for the largest stacks, 

the current output oscillates considerably. This similar trend for all the stacks makes 

unnecessary replicates. In addition, the use of a sole reservoir tank per stack may 
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contribute to the poor electrical performance. This can be explained because each 

tank was seed with the same volume of initial sludge and, therefore, the larger the 

stack, the higher the number of MFCs to distribute the inoculum of sludge. Thus, 

when stacking MFCs, which are fed with the same reservoir, the possibilities of low 

performance of single cells increased with the number of cells arranged in the stack 

leading to a worse global performance, mainly due to the lower ratio microbial seed 

to anodic volume. This fact clearly advices against the connection of a very large 

number of cells in a stack when seeding from a single reservoir tank. 

Focusing on the electrochemical behavior, Figure 8.9 shows the main 

electrochemical parameters: the open circuit voltage, the maximum current density 

and the maximum power density. Polarization curves were carried out during the 

most relevant periods: start-up (day 4), exponential growth (day 40) and steady-state 

(10 days after each stack reached its steady state). 

As shown in Fig. 8.9.a, there is an increase in the OCV from the start up to 

the steady state operation of the cells, which indicates a change in the composition of 

the surface of the electrode, most probably due to the formation of the biofilm with 

electrogenic activity. As can be seen, there was not a great dispersion in the average 

data obtained for the five stacks tested. 

Regarding the maximum current density, changes reflect clearly the 

formation of the electrogenic biofilm, with a very important increase from the start-

up to the steady state, especially for the stacks containing up to 8 MFCs stacked. In 

these polarizations, quite high values of the maximum current density were achieved 

by individual MFCs, up to about 22.6 A m-2. Best results were achieved for the stack 

with 2 MFCs, while the lower current densities were given by the stacks with the 

large number of cells, as previously observed on measurements performed under 

closed circuit conditions (Fig. 8.6). The same occurs in the evolution of the maximum 

power density pointing out a poor biofilm quality in larger stacks. These results ratify 

that the higher the number of MFCs seed with the same volume of inoculum and fed 

with the same volume of wastewater, the worse the performance of the individual 

MFCs. 
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Figure 8.9. (a) Evolution of the OCV with the number of MFCs stacked. (b) Evolution of the 

maximum current density with the number of MFCs stacked. (c) Evolution of the maximum 

power density with the number of MFCs stacked. Data is an average of the MFCs of each stack 

and error bars represent its STDV. Symbols correspondence: (○) Start-up; (□) Exponential 

growth phase; (▲) Steady state. 

 

Once finished the study of the influence of the stacks size on their 

performance, the next step of this Chapter was the evaluation of the effect of the 

electrical configuration between the MFCs of each stack on the performances of the 

system. To do that, the individual MFCs of each stack were connected in series and 

in parallel for a week to ensure that the steady state was achieved and that results can 

be comparable. Figure 8.10 reports the main electrochemical parameters recorded 

from polarization curves for each stack carried out with MFCs connected 

individually, in series and in parallel.  
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Figure 8.10. (a) Evolution of the OCV with the number of MFCs stacked and different 

electrical connections. (b) Evolution of the maximum current density with the number of 

MFCs stacked and different electrical connections. (c) Evolution of the maximum power 

density with the number of MFCs stacked and different electrical connections. Symbols 

correspondence: (○) Individual electrical connection; (□) Parallel connection; (Δ) Series 

connection.  

 

It can be observed that an increase in the number of MFCs in the stack results 

in a considerably increase of the OCV when MFCs are arranged in series and in a 

rise of the current in parallel. Furthermore, a connection in series leads to a decrease 

in the current instead of keeping it constant. The same fact is observed for the cell 

potential when the units are connected in parallel. Regarding to the maximum power, 

it usually increases with the number of MFCs stacked, regardless of the electrical 

connection. However, it is important to mention that a number of MFCs in the stack 

higher than 8 does not improve the performances of the system probably because of 

the limitation in the enrichment and in the availability of organic matter as mentioned 

before.  
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It is interesting to discuss the COD trend of each daily cycle with the type 

of electrical connection (Figure 8.11).  

 

Figure 8.11. COD concentration evolution during each daily cycle with the type of electrical 

connection. Data is an average of 3 replicates with 2% of error. Symbols correspondence: (○) 

Individual electrical connection; (□) Parallel connection; (Δ) Series connection. 

 

The MFCs were operated in semi continuous mode by feeding the reservoir 

tank once a day and from that moment, the COD decreases due to its consumption 

by microorganisms. As it can be observed, this consumption is influenced by the 

number of cells stacked and by the electric connection. As above mentioned, for 

experiments performed with individual electrical connection, the larger the number 

of cells stacked, the higher was the COD consumption. This can be explained because 

of the larger electrode surfaces which involves a larger number of microorganism 

fixed to the anode. In addition, for all adopted stacks, the decrease of COD depended 

on the electrical connection and increased with the following order: individual, serial 

and parallel. It is important to remind that an external load of 120 Ω was used to close 

the external circuit regardless of the electrical connection. Therefore, in series and 

parallel connection, the equivalent external load per MFC decreased when increasing 
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the number of MFCs in the stack: 60 Ω for S-2MFCs, 24 Ω for S-5MFCs, 15 Ω for 

S-8MFCs and 7.5 Ω for S-16MFCs. In literature it has been reported that the change 

of the external resistance can cause a change in microorganisms diversity [41] and 

that low external resistances favors the mass transport within the biofilm and the 

COD removal [42] because of the formation of water channels [43]. These channels 

deteriorate the contact between microorganisms and the anode decreasing the 

electrical performance [43]. 

 Attending to the bad electrical performance of the stack composed by 16 

MFCs, which was fed in horizontal cascades of 4 MFCs connected to an only 

auxiliary tank, it was proposed to feed each MFC with an individual tank instead of 

sharing the same ̀ fuel´ tank between all. Figure 8.12 reports the power density curves 

obtained for the arrangements of 16-MFCs in series and in parallel with individual 

and cascade hydraulic connections and Table 8.1 shows the main electrochemical 

parameters when 16-MFCs electrically connected separately (each external electrical 

circuit is closed by a load of 120 Ω) were fed individually or in cascades. 

Results demonstrate that individual feeding favors considerably the 

electrical performance of the stack regardless of the type of electrical connection. It 

can be observed in Table 8.1 an increase of the OCV, maximum current and 

maximum power achievable by each MFC when using 16 feeding tanks. However, a 

drastic improvement of the performances is shown in Fig. 8.10.b. The maximum 

power increases 3 times in series and 24 times in parallel. In addition, the OCV 

increases in around 0.4 V in series. As there was COD availability in the stack when 

operating with a sole reservoir tank, this result may be explained in terms of the 

higher availability of bacteria accumulated in the reservoir fuel tanks capable to form 

the biofilm.  

 

Table 8.1. Main electrochemical parameters for the S-16 MFCs under external individual 

electrical connection at the steady state. Data is an average of 16 MFCs with the corresponding 

STDV. 

Parameter Cascade feeding Individual feeding 

OCV (V) 0.349±0.052 0.357±0.052 

Maximum Current (mA) 0.084±0.065 0.101±0.049 

Maximum Power (mW) 0.770±0.054 1.029±0.490 
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Figure 8.12. (a) Polarization curves of S-16 MFCs with different electrical and hydraullical 

connections at the steady state. (b) Power curves of S-16 MFCs with differenten electrical and 

hydraullical connections at the steady state. Symbols correspondence: (―) Hydraulic 

connection: cascade - Electrical connection: in series; (―) Hydraulic connection: individual- 

Electrical connection: in series; (---) Hydraulic connection: cascade - Electrical connection: in 

parallel; (---) Hydraulic connection: individual - Electrical connection: in parallel. 

 

In addition, it is important to evaluate the COD removal. Thus, the one-MFC 

system removed 848 mg L-1 daily while the stack of 16 MFCs with a single fuel tank 

for all the units consumed 3516 mg L-1. When connecting a tank per MFC, the 

removal average for each tank of COD was 1350±462 mg L-1, which is very similar 

to the removal of the one-MFC system. In addition, the pH increase from 6.36 up to 

7.35. These results can be an indicative of the development of a less electrogenic 
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biofilms in the 16 MFCs stack fed by a unique reservoir, and also points out on the 

benefits of using an auxiliary tank per MFC instead of a reservoir per stack. 

 

8.4.2. Implementation of the technology  

Once understood the main limitations when stacking, a big module of 116 

MFCs was created. As it was explained in the previous Section of materials and 

methods, the stack of 16 MFCs was replicated 7 times. In order to avoid limitations, 

each horizontal cascade of 4 MFCs were connected to an auxiliary tank.  

Previous to optimize the scale-up, it is important to demonstrate the 

robustness of the technology. For this reason, Figure 8.13 shows the relationship 

between the stationary current density of single MFCs under an external load of 120 

Ω and the time required to achieve this stage by each MFC. The results obtained at 

the steady state are shown as the average value reached by the single 16 MFCs of 

each stack. 

 

Figure 8.13. Stationary current density under an external load of 120 Ω versus the time 

required to achieve it. Data is the average of the 16 MFCs arranged in a stack for each point 

and error bars represent its STDV. 
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stationary phase ranged from 6.0 up to 10.5 A m-2.  Both facts are very important 

from the point of view of the operational reproducibility, showing that there were no 

great divergences between the 112 MFCs contained in the seven stacks studied. In 

addition, considering the average of single MFCs per stack, the higher current 

densities were usually observed for the stacks that needed lower time for the start-up 

of the bioelectrogenic activity. This relationship may be explained in terms of a more 

successful colonization of the anode surfaces by the inoculum in Stacks 4 and 7 as 

compared to Stacks 2 and 3. However, results are very close and their dispersion is 

low enough to be considered not important. 

In addition, Figure 8.14 shows the results obtained during the 

electrochemical characterization for the individual MFCs of each stack by 

polarization curves. It can be observed that regardless of the electrochemical 

parameter evaluated, there are not important differences between the seven stacks, 

indicating again the robustness of the stack systems evaluated. 

OCVs show values within the range of 0.41-0.47 V, while the maximum 

current density changes between 11.2-18.1 A m-2.  These values are very remarkable 

for this type of MFC, in particular when comparing with other studies, which 

obtained maximum current densities of 0.48 A m-2  [44], 0.8 A m-2 [45], 9.0 A m-2 

[46], 0.0073 [1], 2.2 A m-2 [47], clearly under the values reached by the MFCs tested 

in this work. These results reflect how powerful and robust the MFCs of this study 

are. Maximum values of power range between 117-199 µW, being these values 

equivalent to a maximum power density of 1.36-2.29 W m-2. 

Once the robustness of the technology has been demonstrated, this work was 

focused on optimizing the electrical configuration intra-stacks and inter-stacks. 

Considering intra-stacks as the connection between the MFCs of each stack and inter-

stacks as the connection between stacks conforming the big module. As it has been 

studied previously and, as theory points out, the series connection leads to an increase 

of the voltage while the parallel connection results in an increase of the current. Both 

connections when stacking MFCs may help this technology to be applicable to real-

life with the production of more important amounts of energy. Theoretically, 

regardless of the configuration, the output power must remain constant. In practice, 

the parallel arrangement is expected to get an overall resistance equals to the lowest 

individual resistance, while the series configuration causes reversal voltage problems 
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[11]. The combination of both may help to solve the reversal problems, despite a 

slight increase of the internal resistance could happen. For this reason, this Section is 

focused on the assessment of the electrical configuration of individual stacks 

(electrical connections of the 16 MFCs of each stack) in order to find the best 

configuration. 

 

Figure 8.14. Performances of the individual MFCs per stack from polarization and power 

curves at the steady state. (a) Evolution of the OCV and the maximum current density per 

stack. Data is an average of the single 16 MFCs per stack and error bars represent the STDV. 

Symbols correspondence: (●) OCV; (□) jmax. (b) Evolution of the maximum power density and 

the current density at the moment at which the maximum power is achieved per stack. Data is 

an average of the 16 MFCs per stack and error bars represent the STDV. Symbols 

correspondence: (●) Pmax; (□) j Pmax.  
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All stacks have 16 MFCs connected in different ways (Table 8.2) leading to 

six combinations: MFCs of each stack has been connected in parallel leading to 

groups of MFCs, whose outputs were connected in series.  

 

Table 8.2. Electrical configurations of a stack of 16 MFCs. 

*Number of packs connected in series; **Number of MFCs connected in parallel that forms 

a pack. (Design: parallel  dashed line; series  continuous line) 

 

Configuration in 

Series (number 

of packs)* 

Configuration in 

Parallel 

(number MFCs)** 

Scheme Ratio Parallel-Series 

referred to the MFCs 

16 1 

 

0 

8 2 

 

0.016 

5 3 

 

 

0.037 

4 4 

 

 

0.0625 

2 8 

 

 

0.25 

1 16 
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The number of MFCs connected in parallel increased from none to 16. When 

the number of MFCs in parallel increases, the number of groups in series decreases. 

For example, considering the 16 MFCs of the stack, it can be created 4 groups in 

series, each group made up with 4 MFCs in parallel. In order to sum up the type of 

connections into a single number, the parameters P-S = (parallel connections related 

to MFCs/series connections related to groups of MFCs)/number of MFCs is used. 

For example, a P-S=0.25 indicates that there are 2 groups of 8 MFCs. The 8 MFCs 

are connected in parallel (dashed line in the scheme) leading to two groups which are 

connected in series (continuous line in the scheme). However, for total identical 

connections, a P-S=0 was used to identified clearly all the MFCs in series while a P-

S=1 indicates that all the MFCs are connected in parallel. 

In order to achieve a clear comparison between combinations, results from 

the electrochemical characterization (OCV, maximum current, maximum power and 

internal resistance) are reported in Figure 8.15. It can be observed that the OCV 

decreases when the P-S ratio tends to increase (parallel connections). A maximum 

voltage of 6.44 V is achieved by arranging all the MFCs in series. This value is much 

higher than the 0.39 V reached in parallel. Otherwise, and as expected, the 

enhancement of the P-S ratio (i.e., the increase of the number of the cells connected 

in parallel) results in an increase of the maximum current from 0.48 (all MFCS 

connected in series) up to 6.80 mA obtained when all the cells were connected in 

parallel. According to Figure 8.15.b, the power produced is favoured with the parallel 

connection:  when all the cells were connected in series or in parallel, the power was 

0.76 and 1.33 mW, respectively, because of the dramatic decrease of the internal 

resistance achieved for the parallel connection (Fig. 8.15.b). Indeed, the internal 

resistance registered a value of 8305 Ω for a P-S of 0 (all MFCS connected in series) 

and a value of 45.9 Ω when the ratio is 1.00 (all MFCs connected in parallel), 

respectively. When a mixed arrangement was used, the best results were achieved for 

a value of the P-S ratio of 0.25 (two packs connected in series, each pack containing 

8 MFCs connected in parallel); with this arrangement, the power experienced a quite 

high value of 1.3 mW, very similar to the theoretical value of 1.51 mW, and to that 

achieved with all MFCs connected in parallel. 
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Figure 8.15. (a) Evolution of the OCV and maximum current with the P-S ratio in a stack of 

16 MFCs. Symbols correspondence: (●) OCV; (○) Maximum current. (b) Evolution of the 

maximum power and the internal resistance with the P-S ratio in a stack of 16 MFCs. Symbols 

correspondence: (●) Maximum power; (○) Internal resistance.  
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losses probably can be a consequence of the weak MFCs, whose voltage tends to 

decrease quickly under low external resistances [44]. Furthermore, not only the 

voltage is quite different from that expected, but also the current, which is 0.266 mA 

value much lower than the theoretical 1.079 mA that should be reached. In this case, 

the internal resistance experienced a considerable value reaching 4.16 kΩ. More in 

general, on the bases of the results reported in Fig 8.15, the more appealing 

configurations seems to be that with a large number of MFCs connected in parallel. 

Once it has been evaluated the influence of the electrical connections of the 

MFCs into a single stack, the following point to be covered in this work focuses on 

the connection of stacks to form modules. For this study, P-S ratios of 0.016, 0.0625 

and 0.25 have been used to connect single MFCs inside each single stack, which is 

aimed to be further connected into modules.  

The connection among the stacks was carried out, with a similar approach 

to that used to connect MFCs in the single stack, connecting stacks in parallel to form 

groups and connecting the groups in series, trying to reach the best electric output as 

possible. In a first configuration, three groups (consisted of 2, 2 and 3 stacks 

connected in parallel) were used with three independent electrical outputs. Then, the 

3 packs were connected in series. This combination is named `Standard 

configuration´). The inverse configuration was also tested for comparison purposes: 

two individual pairs of two stacks and three stacks in series leading to three packs of 

stacks whose outputs were connected in parallel. It is named `Inverse configuration´. 

Both combinations are shown in Table 8.3. 

 

Table 8.3. Electrical connection between the stacks of the module. 

Standard configuration Inverse configuration 

 
 

 
 

 
 

 
 

(Design: parallel  dashed line; series  continuous line) 
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The performance of the different combinations has been evaluated in terms 

of internal resistance, OCV, maximum current and power from the polarization 

curves and it is reported in Figures 8.16 and 8.17. 

 

Figure 8.16. (a) Evolution of the internal resistance of the big module with the P-S ratio inside 

each stack of 16 MFCs. (b) Evolution of the OCV of the big module with the P-S ratio inside 

each stack of 16 MFCs. Symbols correspondence: (●) Experimental data for standard 

configuration; (○) Theoretical data for standard configuration; (■) Experimental data for 

inverse configuration; (□) Theoretical data for inverse configuration. 
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Figure 8.17. (a) Evolution of the maximum current of the big module with the P-S ratio inside 

each stack of 16 MFCs. (b) Evolution of the maximum power of the big module with the P-S 

ratio inside each stack of 16 MFCs. Symbols correspondence: (●) Experimental data for 

standard configuration; (○) Theoretical data for standard configuration; (■) Experimental data 

for inverse configuration; (□) Theoretical data for inverse configuration. 
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8.16 the decrease of the internal resistance when the connection inside the stack 

evolves to parallel and especially with the standard configuration, in which the stacks 

were connected in parallel forming 3 modules, whose outputs were in series. It is also 

very interesting to highlight the experimental trend observed for the maximum 

current and power in Figure 8.17, which is very similar regardless of the connection 

of the cells in the stacks. On the other hand, this connection affects considerably the 

outputs values at low P-S ratios of the MFCs.   

In addition, other configurations of the modules were tested. In these cases, 

two modules from stacks were created. On one hand, a module whose stacks and 

MFCs were connected in total parallel. On the other hand, another module with all 

the connections in series. The number of stacks conforming the modules varied. 

However, these configurations result in bad performances compared the 

configurations in Table 8.3. For this reason, it was not worth showing these 

experiments but mentioning them.  

Once characterized the electrical performances of the stacks and modules, 

and in order to check the applicability of the staking of MFC, it was decided to use 

the modules to light up a stripe of LEDs. Before the study, one of the LEDs of the 

stripe was characterized (Fig 8.18).  

 

 

Figure 8.18. Characterization curve of the LED used. 
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The characteristic curve shows the operational voltage and current. For a 

proper performance, the LED must be supplied with the optimum values of voltage 

and current of 3.4 V and 0.029 mA, respectively, to work in its best conditions and 

higher values must be avoided, because from this value, the current increased quickly 

and the LED can be damaged and burnt. 

The relevant information of this Figure are the threshold values. The LED 

required 2.6 V and 0.020 mA to start lighting, as checked experimentally. For this 

reason, the module was connected with an electrical configuration that ensures the 

threshold current and voltage. It is important to take into account many 

considerations:  

1.  The internal resistance of the stack entails an important energy losse 

and must be reduced according to Eq. 1. 

2. The system should work under the required voltage and the resulting 

current when closing the circuit with the LEDs. 

3. The connection between the LEDs. A stripe of 21 LEDs was the initial 

goal stated. The LEDs connected in series require a voltage of 54.6 V 

and a current of 0.020 mA, while a parallel connection implies a current 

of 0.42 mA and a voltage of 2.6 V. 

According to theory, series connections will provide the voltage but the 

current remains constant. At OCV (maximum voltage) conditions, the MFC 

produced 0.531 µA, value unsuitable for lighting up the LEDs. On the other hand, 

the total parallel would not produce an increase of the voltage higher than 0.450 V. 

Hence, proper combinations of series-parallel arrangements are necessary.   

These combinations were studied, for single MFCs, in the previous sections 

of this work. For each combination, the requirement of voltage, taking into account 

the losses due to the respective internal resistance, was checked as well as the current 

established at the resulting voltage. In this way, most of the combinations were 

discarded because one of the requirements not achieved. Both requirements were 

reached only operating with a ratio P-S of 0.0625 between the MFCs of each stack 

connected following the “standard configuration” between the stacks of the whole 

module. This combination leads to an internal resistance of 464 Ω. To overcome this 

resistance, an input of 2.81 V must be supplied to light-up the LED strip; the OCV 

was 3.61 V while the current that circulates through the system at the ignition voltage 
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of the LEDS of 2.6 V was 1.73 mA, value much higher than the requirement of 0.42 

mA. Indeed, when the stack was operated under these conditions, the strip allowed 

the illumination of the 21 LEDs. The lighting time was monitored and it shined 

continuously for 20 days, moment at which more LEDs were added to the strip 

(Figure 8.19). Every day, 10 more LEDs were added up to reach 220 LEDs.  As 

shown in the photos, the brightness diminishes upon increasing the LEDs in the chain 

while the voltage passing though the chain declines very slowly. The illumination of 

the LEDs was maintained for 5 days before stopping the experiment, showing a very 

successful result of the test performed. 

 

Figure 8.19. (a) Evolution of the voltage circulating through the LED chain. (b) Number of 

LEDs added to the chain with the time. 
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8.5. Conclusions 

The results obtained from this Chapter lead to the following conclusions: 

 

- The higher the number of MFCs connected in a stack, the longer the 

period required for the steady-state electricity production, the higher the 

COD concentration removed and the lower the unitary electricity 

production. At this point, the limitation of the electricity production in the 

stacks with larger number of MFCs was due to the usage of only one tank 

to feed the stack and can be avoided by feeding each MFC individually. 

Regarding to the electrical connection, parallel increased the current 

while series increased the MFC potential. 

- The miniaturization and multiplication of MFCs is a successful scale-up 

strategy. By using this approach with a device consisting of 112 MFC (a 

module with 7 stacks, each one composed by 16 MFCs) and a smart 

combination of parallel and series connection, up to 220 LEDs were 

lighted up simultaneously and continuously for several days. In addition, 

the robustness of the MFC technology has been confirmed after operating 

simultaneously 112 MFCs with reproducible performances for a very 

long periods of time. 
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9.1.  Conclusions 

From the results that have been detailed and discussed in this Thesis, the 

following most important conclusions for each objective established in Chapter 3 can 

be drawn: 

1. The selection of a bioelectrogenic consortia plays a critical role in the 

performance of an air-breathing microbial fuel cell.  This selection is 

significantly affected by the sludge age.  

- The slude age regulates the growth of electrogenic bacteria in a MFC. 

During the start-up, despite the low current densities obtained, it was 

observed that higher sludges ages favors the growth of electrogenic 

bacteria because its concentration in the initial sludge is very low and its 

growth rate is slow. For this reason, the growth of electrogenic bacteria 

in the liquid bulk and to attach the anodic surface forming a biofilm 

initially requires time. Despite of this consideration for the start-up, to 

operate MFCs during long periods, 2.5 days is the optimal sludge age. 

At this sludge age, the best performances are observed regardless the 

anodic material. For carbon paper, a current density of 4.5 A m-2 under 

closed circuit conditions and a maximum power density of 0.65 W m-2 

can be achieved while with carbon felt, a current density under closed 

circuit conditions of 15.37 A m-2 and maximum power density 3 W m-2 

were reached. In addition, electricity generation produced by the MFC 

was improved by changing the sludge age tested to 2.5 days, with the 

exception of sludge ages below 2.5 days, which washed the electrogenic 

bacteria from the system before the change. 

- The characterization of suspended and fixed bacteria by Illumina 

technique pointed out that despite the presence of known electrogenic 

bacteria such as Shewanella, Pseudomonas and Arcobacter, they were 

not the main responsible for the electricity generation but contributed to 

the generation of electricity. The detected main responsible of the bio-

electrogenic activity were Desulfuromonas, Syntrophothermus, 

Solitalea, Acholeplasma, Propionicimonas, Desulfobacula and 

Sphaerochaeta. The abundance of electrogenic genera in the biofilm was 
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quite higher than in the suspension due to the wash-out of the 

electrogenic microorganisms from the suspended culture. It indicates 

that suspended culture helps to increase the efficiency of the electricity 

generation while it is mainly governed by the biofilm. Therefore, the 

sludge age regulates directly the growth of electrogenic suspended 

bacteria and indirectly the electrogenic biofilm through the suspended 

bacteria that attached on the anodic surface. 

- The performance of the air-breathing MFCs are significantly influenced 

by the enrichment process and the origin of the initial sludge. Inoculating 

the MFCs with anaerobic sludge results in a nil electricity generation, 

while in the case of inoculating with aerobic sludge, the success depends 

on the initial dose of sludge. Potential electrogenic bacteria was 

developed by enriching the MFC with pure aerobic sludge (filling the 

auxiliary tank 100% of aerobic sludge). In addition, the enrichment 

efficiency can be increased by inoculating the electrogenic sludge from 

an ongoing MFC. This leads to a faster colonization and slightly purer 

electrogenic biofilm.  

 

2. Optimizing the design of the electrochemical reactor greatly improves the 

performance of the MFC.  

 

- Platinum in the cathode of air-breathing MFC is not a crucial element. It 

can be omitted without affecting the performance efficiency of the 

system. The electricity generation under closed circuit conditions and 

the treatment capacity were similar regardless the platinum load 

contained in the cathode. Anyhow, it is true that the electrical capacity 

of the system increases with the loading of catalyst but as it is not the 

limiting process, the effect of platinum is not seen during the normal 

operation. 

- The electron transfer and the anodic processes can be enhanced by 

correctly selecting the anodic material. On one hand, the addition of 
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metallic compounds, especially nickel, on the surface of the anodic 

suface decreases the internal resistance. On the other hand, 3D 

carbonaceous perfoms better than plain ones. Among all materials 

tested, carbon felt stands out. 

- The implementation of a membrane between anode and cathode of an 

air-breathing MFC leads to a faster stabilization and to a slightly better 

performance, but it does not behave as a crucial element and can be 

omitted without affecting drastically the stability or average 

performance of the MFC. 

 

3. The substrate plays a critical role in the anodic bioelectrocatalytic behavior. 

 

- Acetate is the more electroactive substrate, being the only one that shows 

relevant electricity generation. From an electrical point of view, the right 

selection of the substrate is a critical point in order to achieve an 

electroactive culture capable to recover the energy contained in the 

substrate. However, from a treatment capacity point of view, the 

selection of the substrate is not relevant because the COD removal is 

similar regardless the substrate. 

 

4. The replication of miniaturized MFCs and its arrangement in a stack is a 

viable procedure to implement this technology. 

 

- Depletion zones can affect drastically the performance of a MFC and can 

be avoided by individual feeding (an anodic reservoir per MFC) because 

the higher the number of MFCs stacked, the longer the time required for 

the steady-state electricity production, and the lower electricity 

production.  

- Parallel electrical connection increased the current while series increased 

the MFC potential. However, in order to light up 220 LEDs it is 

necessary a smart combination of parallel and series connections to 
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overcome the voltage and intensity requirements of the LEDs strip and 

the internal resistance of the system. 
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9.2.  Conclusiones 

Como consecuencia del análisis globalizado de los resultados obtenidos en 

esta Tesis Doctoral para desarrollar los objetivos establecidos en el Capítulo 3, se han 

alcanzado las siguientes conclusiones principales: 

1. La selección de un cultivo bioelectrogénico tiene un papel muy importante 

en el rendimiento de una celda de combustible microbiológica de cátodo 

abierto a la atmósfera. Dicha selección está de forma significativa influida 

por la edad de fango y el proceso de inoculación utilizado.  

- La edad de fango contribuye a regular la proporción de los  

microorganismos electrógenicos en la celda. Durante la puesta en marcha 

de las celdas microbiológicas de combustible se obtuvieron densidades 

de corriente muy bajas, que indicaban una escasa presencia de estos 

microorganismos. Por este motivo, en estas condiciones se justifica que 

el desarrollo de microorganismos electrogénicos se favorezca utilizando 

edades de fango elevadas, ya que la mayor purga realizada a edades de 

fango bajas contribuye a lavar la escasa concentración de organismos 

electrogénicos contenida inicialmente en el fango con el que se inocula y 

esto impide, a su vez, la formación del biofilm electrogénico, proceso que  

requiere de tiempo mínimo. Sin embargo, al operar a la celda durante un 

tiempo prolongado, la edad de fango a la que se observa mayor actividad 

electrogénica en regimen estacionario es la de 2,5 días, para la que se 

llegó a obtener una densidad de corriente de 4,50 A m-2 y una densidad 

de potencia máxima de 0,65 W m-2, en condiciones de circuito cerrado 

con ánodo de papel de carbón. Cuando se utilizó un ánodo de fieltro de 

carbón, esta edad de fango continuó siendo la mas recomendable y la 

densidad de corriente en condiciones de circuito cerrado alcanzada fue 

15,37 A m-2 y la densidad de potencia máxima fue de 3,00 W m-2. 

Además, al cambiar la edad de fango de operación en celdas de 

combustible operadas con diferentes edades hasta 2,5 días,  se observó 

que la generación de electricidad aumentó en los casos en los que la edad 

de fango prevía era mayor de 2,5 días. Para edades de fango de partida 



 

CAPÍTULO 9: CONCLUSIONES 

 

 

 

258 

inferiores a 2,5 días, no se observó esta mejoría, justificándose este 

resultado por el lavado de los microorganismos electrogénicos 

inicialmente contenidos en el sistema. 

- La caracterización de los microorganismos en suspension y el biofilm 

mediante la técnica Illumina demostró que, a pesar de la presencia de 

microorganismos electrogénicos ya conocidos como Shewanella, 

Pseudomonas y Arcobacter, éstos no eran los principales responsables 

de la generación de electricidad sino Desulfuromonas, 

Syntrophothermus, Solitalea, Acholeplasma, Propionicimonas, 

Desulfobacula and Sphaerochaeta. La presencia de estos 

microrganismos era más abundante en el biofilm que en la suspension 

debido al continuo proceso de lavado para mantener la edad de fango 

deseada. Este hecho indica que los microorganismos en suspension 

contribuyen a la generación de electricidad pero que los principales 

responsables del proceso bioelectrogénico son aquellos que se 

encuentran formando el biofilm. Por tanto, la edad de fango afecta 

directamente al crecimiento del cultivo en suspensión e indirectamente 

al biofilm, ya que el biofilm se origina mediante la fijación al ánodo de 

microorganismos en suspensión. 

- El proceso de inoculación tiene una gran influencia rendimiento de una 

celda de combustible microbiológica autorrespirante. Los resultados 

muestran que el proceso de inoculación con fango anaerobio no da lugar 

a actividad electrogénica y que en el caso del fango aerobio, depende del 

porcentaje inicial de fango/agua residual. De entre las alternativas 

estudiadas, el proceso de inoculación que muestra resultados más 

positivos es aquel en el que se la celda se inocula con 100% de fango 

aerobio. Además, la eficiencia del proceso de inoculación es favorecida 

si se inocula una celda con fango procedente de una celda que opera en 

estado estacionario y cuyo cultivo ya es electrogénico. 
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2. La mejora en el diseño del reactor bioelectroquímico, mediante el 

perfeccionamiento de sus componentes, permite aumentar 

considerablemente el rendimiento de una celda de combustible 

microbiológica autorrespirante (o de cátodo abierto a la atmósfera). 

 

- La deposición de platino en el cátodo de la celda autorrespirante no es 

necesaria, ya que se ha comprobado que el funcionamiento del sistema 

no se encuentra limitado por la carga de platino. Además, la generación 

de electricidad en condiciones de circuito cerrado, y la capacidad de 

eliminación de materia orgánica, no se ven afectadas por la carga de 

platino en el cátodo. No obstante, es cierto que la capacidad eléctrica del 

sistema aumenta al aumentar la carga de platino.  

- El proceso de transferencia de electrones al ánodo así como otros aspectos 

del proceso anódico puede favorecerse mediante la selección del material 

electródico adecuado. Por un lado, la adición de metales a la superficie 

del ánodo, especialmente el níquel, disminuye la resistencia interna. Por 

otro, ánodos carbonosos con estructura tridimensional funcionan mejor 

que los ánodos carbonosos planos, como consecuencia de su mayor 

superficie específica. Destaca entre los materiales carbonosos, el 

rendimiento de la celda con ánodo de fieltro de carbón.  

- El uso de una membrana de intercambio protónico entre ánodo y cátodo 

da lugar a una rápida estabilización del sistema y aumenta ligeramente el 

rendimiento de la celda. Sin embargo, a la vista de los resultados 

obtenidos, la membrana no puede ser considerada como un elemento 

crucial de la celda de combustible microbiológica autorrespirante y puede 

ser suprimida del sistema sin afectar de modo importante a la estabilidad 

y rendimiento de la celda.  

 

3. El combustible o sustrato tiene un relevante papel en el comportamiento 

bioelectrogénico del compartimento anódico de una celda de combustible 

microbiológica autorrespirante. 
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- El acetato es el sustrato más interesante para ser utilizado como 

combustible, de modo que tan solo las celdas que son alimentadas con 

acetato muestran una generación de electricidad relevante. Desde un 

punto de vista eléctrico (aplicación energética no medioambiental), la 

correcta elección del sustrato es de gran importancia para desarrollar un 

cultivo bioelectrogénico. Sin embargo, desde el punto de vista de la 

capacidad de tratamiento (aplicación medioambiental y no energética), la 

selección del sustrato no es relevante debido a que la cantidad de materia 

orgánica eliminada del sistema es muy similar en todos los casos, 

independientemente del sustrato.  

 

4. La replicación de celdas miniaturizadas, y su disposición en una pila de 

celdas de combustible (o stack), parece ser la mejor  metodología para la 

implementación de esta tecnología con fines energéticos.  

 

- La presencia de zonas en la que se agota la materia orgánica afecta muy 

negativamente al rendimiento de una celda. Por este motivo, un sistema 

de alimentación individualizado (un tanque auxiliar anódico por celda) 

aumenta considerablemente la generación de electricidad de la pila. 

- El conexionado de celdas en paralelo aumenta la intensidad que circula 

por la pila mientras que el conexionado en serio aumenta el voltaje. Sin 

embargo, para encender 220 LEDs con un módulo de pilas de celdas de 

combustible microbianas autorrespirantes, es necesario una combinación 

serie-paralelo que cumpla los requisitos de voltaje umbral e intensidad 

umbral y cuya resistencia interna sea la mínima posible. 
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Taking into account the goals set and the results obtained in this Thesis, the 

following recommendations are proposed for future research: 

- Check that during the scale-up process the use of membrane remains not 

crucial as it happens in the miniaturized MFC study.  

- Characterize the mediators used by suspended electrogenic bacteria. 

- Perform an exhaustive study about the relevance of the internal resistance 

in the operation of a MFC. 

- Evaluate how far the MFC size can be decreased without causing 

clogging problems in the anodic chamber. 

- Assess the effect of real wastewater on the performance of MFC to ensure 

their applicability in our daily life. Due to the relevance of agri-food 

industry in our region, Castilla La Mancha, it will be very interesting to 

test their waste streams, whose amount is considerable.  

 


