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ABSTRACT 
The presence of nitrogen-containing compounds in wastewater can create 

serious environmental problems, such as eutrophication of rivers and 

deterioration of water quality, which represent a potential hazard to human or 

animal health. In order to limit nitrogen discharge into water bodies, conventional 

wastewater treatment technologies employ large amounts of energy to remove 

or recover the nitrogen contained in wastewater. This has prompted researchers 

and engineers to develop innovative technologies to reduce the energy usage 

associated to these activities. In this context, bioelectrochemical systems (BESs) 

have proved that can be an energy-efficient alternative, able to recover part of 

energy and other resources as nitrogen from wastewater.  

The main objective of this thesis is to advance in the scale-up of BESs, in order 

to make of it a feasible technology to reduce the organic and nitrogen load of high 

strength wastewater streams with a minimum energy usage. 

The first step was the study of the effect of the applied voltage, the catholyte and 

the reactor scale on nitrogen recovery from two different organic wastes 

(digestate and pig slurry) by means of microbial electrolysis cell (MEC) 

technology. It was observed that an increase on the reactor size (from 0.5 to 1 L) 

produced a decrease in the ammonia recovery efficiency (from 47 to 42 %). The 

results also showed that the phosphate-buffered solution is preferable as the 

catholyte versus sodium chloride, and that the voltage applied does not have a 

noticeable effect on current production and ammonia recovery.  

Applying the conclusions obtained in the first step, we increased the size of the 

MEC to 16 liters, where the impact of long-term operation on the cation exchange 

membrane and on the anodic biofilm was studied. Membrane deterioration was 

examined by physical, chemical and microscopy techniques at different locations, 

revealing a strong attachment of microorganisms and a significant decay in 

membrane properties such as ion exchange capacity and thermal stability. 

Regarding the biofilm, a vertical stratification of anode microbial communities was 

observed. 

The next step was to obtain a preliminary characterization of the operation of a 

150 L BES-based pilot plant for simultaneous carbon and nitrogen removal from 
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two waste effluents: uWW and centrate. Firstly, pilot-scale BES was operated as 

an MFC, where TOC and TN removal were almost negligible. However, when 

switched to MEC (using uWW as a feed), removal rates reached almost 100% 

several times, although they declined when using centrate. Energy consumption 

was within the values traditionally attributed to conventional aerobic systems. 

The ion exchange membrane is a key element in BES designed for nitrogen 

removal and recovery as it has a significant impact on both the performance and 

capital costs of the system. In the last experimental chapter, the evolution of 

cation exchange membranes properties in long-term operation BES was studied. 

This work examines how four months of operation impact on the mechanical, 

chemical and electrochemical properties of five different kind of cation exchange 

membranes. The highest differences were found in the evolution of the surface, 

thermal stability and capacitive phenomenon related to charge transfer limitation. 
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RESUMEN 
La presencia de altas concentraciones de nitrógeno en el medio ambiente puede 

crear graves problemas, como la eutrofización de los ríos o el deterioro de la 

calidad del agua. Para poder reducir las altas concentraciones, eliminando o 

recuperando el nitrógeno contenido en las aguas residuales, se emplean 

grandes cantidades de energía. Esto ha impulsado la investigación de nuevas 

tecnologías capaces de valorizar la energía química y los nutrientes contenidos 

en estas aguas. Dentro de las principales tecnologías innovadoras se encuentran 

los sistemas bioelectroquímicos, que son capaces de recuperar parte de la 

energía empleada para el tratamiento, en forma de electricidad o de hidrógeno, 

al mismo tiempo que recuperan el nitrógeno. 

El principal objetivo de esta tesis es estudiar el escalado de los sistemas 

bioelectroquímicos para reducir la materia orgánica y recuperar el nitrógeno 

contenido en corrientes de aguas residuales de alta carga de una manera 

energéticamente eficiente.  

El primer paso consistió en la determinación de las condiciones de operación 

que optimizan la recuperación de nitrógeno. Para ello, se estudió el efecto del 

potencial aplicado, del tipo de catolito y del tamaño del reactor en un 

electrolizador biocatalítico (MEC) alimentado inicialmente con digerido y 

posteriormente con purín de cerdo.  En este primer ensayo se observó que al 

doblar el tamaño del reactor (de 0,5 a 1 L) se reduce la eficiencia de recuperación 

de nitrógeno amoniacal (de 47 a 42%). Además, los resultados también 

mostraban la preferencia de usar una solución tamponada de fosfato como 

catolito frente a cloruro sódico. Finalmente, se concluyó que el efecto del 

potencial aplicado era despreciable en la recuperación de amonio para esas 

densidades de corriente. 

Aplicando las conclusiones obtenidas en este primer paso, aumentamos el 

tamaño del reactor MEC hasta 16 litros. En este segundo paso se estudió el 

efecto del escalado en la biopelícula anódica y el efecto del tiempo de operación 

en la membrana de intercambio catiónico. Para ello se emplearon técnicas 

físicas, químicas y de microscopía, mostrando una estratificación vertical de las 
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comunidades microbianas del ánodo y una fuerte adhesión de microorganismos 

en la membrana alterando sus propiedades superficiales. 

El siguiente paso fue seguir aumentando el tamaño del reactor bioelectroquímico 

a 150 litros y realizar una caracterización preliminar del funcionamiento del 

sistema para la eliminación simultánea de materia orgánica y nitrógeno. En una 

primera fase se trabajó en modo de celda de combustible microbiano (MFC), 

obteniéndose bajas tasas de eliminación. Sin embargo, el cambio de modo MFC 

a modo MEC permitió alcanzar tasas de eliminación del 100% al tratar agua 

residual. Posteriormente, se alimentó con sobrenadante de digestión anaerobia 

disminuyéndose de nuevo esas tasas debido a su alto contenido en nitrógeno y 

su materia orgánica difícilmente biodegradable. Respecto al consumo 

energético, este estaba dentro de los valores atribuidos a los sistemas aeróbicos 

convencionales. 

Finalmente, la influencia de la membrana en la recuperación de nitrógeno se ha 

puesto de manifiesto en los capítulos anteriores por la importancia que tiene 

tanto en el funcionamiento como en el coste del sistema. Por lo tanto, en el último 

capítulo experimental, se estudió la evolución de las propiedades mecánicas, 

químicas y electroquímicas de cinco tipos de membranas de intercambio 

catiónico a lo largo de cuatro meses de operación dentro de un sistema 

bioelectroquímico. Las mayores diferencias se encontraron en la variación de los 

parámetros superficiales, de la estabilidad térmica y de los fenómenos 

capacitivos debidos a la transferencia de carga. 
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    CHAPTER 1 
 

1.1. BIOELECTROCHEMICAL SYSTEMS  

From a practical point of view, bioelectrochemical systems (BES) can be seen as 

conventional electrochemical systems that convert chemical energy into electrical 

energy (and vice-versa), using microbes as catalysts (Bajracharya et al., 2016). 

Although the ability of certain bacteria to generate electrical current was first 

described more than 100 years ago (Potter, 1911), it was not until the beginning 

of the present century that this phenomenon started to draw real interest form 

scientists and engineers. Initial research efforts were focused on exploring the 

possibilities that BES offered for the treatment and energy valorization (as electric 

power or hydrogen) of diverse waste streams (Rozendal et al., 2006) (Liu, 

Ramnarayanan and Logan, 2004). To date, the range of applications has 

broadened dramatically, extending to such diverse fields such as desalination 

(Borjas, Esteve-Núñez and Ortiz, 2017), bioremediation of contaminated water 

and soils (Pous et al., 2013), nutrients recovery (Kelly and He, 2014) or the 

synthesis of valuable chemicals (Khosravanipour Mostafazadeh et al., 2017) 

among many others. Moreover, the versatility and multifaceted nature of BES 

opens the way for applications that lay far beyond bio-based industrial processes. 

Thus, during the last 15 years, the progress made in the fields of 

bioelectrochemistry and BES have allowed to take the leap from the laboratory 

to the pilot scale (Baeza et al., 2017) (Cotterill et al., 2017) so that commercial 

development seems to be at hand.  

This thesis is devoted to explore the applicability of BES to nitrogen removal and 

recovery from waste streams. Nitrogen can be a pollutant of surface waters that 

can cause severe environmental problems as eutrophication (Qin et al., 2017), 

but it can also be a valuable resource (especially in the form of ammonia) for 

many industrial processes. Section 1.2 in this introductory chapter discusses how 

BES can provide an alternative to conventional nitrogen management 

technologies. As this thesis also covers the upscaling of BES for nitrogen 

removal, section 1.3 reviews some of the most relevant scale-up experiences of 

BES to date, and analyzes the challenges of the scale-up processes. But first I 

would like to provide a basic background to BES. 
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INTRODUCTION 

1.1.1. Basic principles of operation of BES 

BES can be understood as electrochemical systems in which at least one of the 

electrode reactions (anodic and/or cathodic) is biologically catalyzed (Rabaey et 

al., 2007). They share with traditional electrochemical systems the key feature of 

being operationally reversible, i.e., they can be run as galvanic cells (the redox 

reactions are spontaneous), or as electrolytic cells (the redox reactions are non-

spontaneous and require a certain amount of electrical energy to proceed). The 

first BES prototypes operated in galvanic mode were termed as microbial fuel 

cells (MFC), and when they were operated in electrolytic mode they were usually 

referred to as microbial electrolysis cells (MEC). Although this terminology has 

been somehow transcended as a result of the increasing number of BES 

typologies and architectures that have appeared during the past decade (Wang 

and Ren, 2013), it remains still useful as it mirrors the two basic modes of 

operation in electrochemical systems.  

 

Figure 1.1. Schematic representation of standard MFC (at the left) and MEC (at the right) 
configurations. 
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Figure 1.1 renders a schematic representation of the principle of operation of BES 

systems. It shows how the electroactive microorganisms transfer the electrons 

from the oxidation of the organic matter to the anode. Subsequently, the electrons 

are transported to the cathode via an external circuit that can be an electric load 

(in the MFC mode of operation) or a power source (in the MEC mode of 

operation). In both cases, protons migrate through the membrane into the 

cathodic chamber resulting in water (MFC) or hydrogen (MEC) production. 
 

1.1.2. Understanding electroactive microbial biofilms 

Understanding electroactive biofilms requires the combined use of microbial, 

molecular and electrochemical techniques (Figure 1.2). Microbiological 

techniques are the most primitive approach for the analysis of bacteria diversity. 

They allow understand the morphological, biochemical and physiological 

characteristic of some bacteria, however, they detect just a small proportion of 

the total microorganism present in the biofilm (Varanasi and Das, 2018). 

Regarding molecular techniques, the most widely used method for understanding 

the mixed community dynamics is the 16s rRNA and rDNA sequences, which 

provide an identification of the dominant microorganisms found in anode biofilm 

communities and enable to compare microbial community structures. Other 

molecular methods are DGGE (denaturing gradient gel electrophoresis), 

formation of clone libraries, pyrosequencing and FISH (fluorescence in situ 

hybridization). Among the electrochemical techniques, the most outstanding are 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), that 

let to identify the characters of electroactive bacteria in a faster way  (Saratale et 

al., 2017). An integration of multiple techniques should be adopted to further 

understand microbial anodic communities (Zhi et al., 2014).  
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Figure 1.2. Main strategies for studying the electroactive bacteria: microbiological, 
molecular and electrochemical. 

 

1.1.3. Materials for BES 

BES are composed of basic components, similar to a conventional chemical fuel 

cell, such as the anode, the cathode, the separator and the external circuits, being 

the key components of BES, the electrodes and membranes.  

Electrodes 

The anode material should allow bacteria to form electroactive biofilm and, 

therefore, should be conductive and noncorrosive and have good biocompatibility 

and large surface area. Carbon-based materials meet many of these 

requirements, and this has made them the most widely used electrode material. 

Carbon cloth, carbon felt, graphite granules, graphite plates, graphite felt, 

graphite brushes, graphite rods, carbon brushes and carbon nanotubes have 
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been some of these carbon-based materials used as anode in BES (Figure 1.3)  

(Kim et al., 2015). Several researches have employed a modified anode electrode 

material to increase the performance of the system and reduce its economic cost. 

For example, graphene derivatives represent an interesting group of 

nanostructured materials for electrode modification due to their exceptional 

characteristics, such as high electrical conductivity, large specific surface area 

and chemical stability (Alonso et al., 2017).  

 

Figure 1.3. Electrodes used in BES. A) Stainless steel, B) Carbon brush, C) Carbon felt, 
D) Graphite rod, E) Carbon paper. 

Most of the carbon-based materials used for anodes are also suitable as cathode 

materials (Escapa et al., 2016). However, since carbon-based materials suffer 

from poor reduction activities, these usually contains catalyst materials (e.g. Pt, 

MnO2, Ni) to reduce cathodic overpotential. Nevertheless, the high cost of Pt 

catalyst prevents its practical applications and promote the investigation of low 

cost materials, similarly than in the case of the anode. For instance, stainless 

steel is a promising material for cathodes thanks to their low cost, availability, low 

overpotentials, and stability. Moreover, studies reported similar and even superior 

performances of reactors, in terms of cathodic efficiency and hydrogen 

production rate, with stainless steel than when platinum sheet metal is used as 

cathode (Yuan and He, 2017).    
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Membranes 

A general distinction is usually made into separated and non-separated BES 

reactors (Krieg et al., 2014), which refers to the existence or absence of a 

membrane interposed between the two electrodes. These two basic 

configurations are also referred to as membrane and membrane-less or two 

compartment and single compartment (Hussain, Lebrun and Tartakovsky, 2017). 

This distinction is relevant in the field of BES since membranes do not necessarily 

need to be used in bioelectrochemical reactors as they do in conventional 

electrochemical systems (Logan et al., 2015). Membrane-less BES simplify 

reactor configuration and maintenance, reduce the cost of the materials, and limit 

the need of extra ancillary equipment and the operational costs required to 

manage two independent electrolytes (Escapa et al., 2016). Another interesting 

feature of membrane-less BES is that the absence of a membrane facilitates the 

circulation of ions between the electrodes, which translates into lower internal 

resistance. However, and despite these advantages, membrane-less 

configurations also present severe drawbacks. Lacking a physical barrier that 

separates the two electrodic environments, it is difficult to avoid interferences 

between them. For instance, in membraneless MFCs there exists the risk that 

cathodic oxygen diffuses to the anode, thus promoting the proliferation of aerobic 

microorganisms that would affect the anode performance. Similarly, in 

membrane-less MECs, cathodic hydrogen can diffuse back to the anode where 

it can get reoxidized, giving place to the hydrogen recycling phenomenon, which 

increases artificially the electrical energy usage.  

In contrast, the use of membranes allows to optimize the operating conditions on 

the cathode chamber (e.g. low pH, high ionic concentration, etc.), to recover pure 

products (e.g. hydrogen, ammonia) or to achieve higher coulombic efficiencies 

(CE) (Sleutels et al. 2017). 

To date, various types of membranes have been used in BES: anionic exchange 

membrane (AEM), cationic exchange membrane (CEM), microfiltration 

membrane, bipolar membrane or ultrafiltration membrane. Between them, the 

most recognized membrane is Nafion® due to its good mechanical stability and 

high proton selectivity, but other cheaper CEM (e.g. Fumasep®, Ultrex® or 
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Zirfon®) have also become popular in BES arrangements. However, it is difficult 

to give a systematic comparison on their specific performance due to the 

complexity of BES.  

1.2. PRACTICAL APPLICATIONS OF BES: NUTRIENTS 
RECOVERY FROM WASTE STREAMS. 

Nutrients recovery from wastes can prove to be a feasible strategy to tackle both, 

environmental and energy issues simultaneously. On the one hand, it allows to 

limit the amount of nitrogen and phosphorus discharged into the environment and 

on the other hand it may help to reduce the energy intensity in fertilizers 

production. There are several technologies available for nutrients recovery from 

organic wastes, among which struvite precipitation occupies a preeminent 

position (Mehta et al., 2015). BES can also offer the possibility of recovering 

nutrients from waste streams, and thanks to their ability for harnessing the 

bioenergy present in the organic matter they also help to offset the energy usage 

(Zhang, Li and He, 2014). Most of the research studies in the literature are mainly 

focused on the use of nitrogen and phosphorus recovery (Nancharaiah, Mohan 

and Lens, 2016) as these two nutrients are usually found in many organic wastes. 

For nitrogen in particular, this element can be concentrated (usually as 

ammonium) on the catholyte of the BES by migration and diffusion from the 

anode side.  Due to the high pH of the catholyte, ammonium turns into ammonia 

gas which can be subsequently stripped from the off-gas (Wu and Modin, 2013) 

(Rodríguez Arredondo et al., 2017), as can be seen in Figure 1.4. The use of BES 

for nitrogen recovery has been explored using different waste streams such as 

swine wastewater, landfill leachate or urine and different reactor configurations 

offering encouraging results (Iskander et al., 2016) (Cerrillo et al., 2016). Zamora 

et al. (2017) demonstrated that electrical energy required in a pilot scale BES for 

ammonia recovery is 1.4 kWh·kgN-1, which is lower than other electrochemical 

nitrogen recovery technologies (for instance, 13 kWh·kgN-1 are need to recover 

nitrogen for digestate using a conventional electrochemical cell (Desloover et al., 

2012)). Moreover, some studies have even reported a positive energy balance 

producing a surplus of 0.96 kWh·kgN-1 (Kuntke et al., 2012).  
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Figure 1.4. Overview of the ammonia recovery mechanisms in a standard two- 
chambered BES equipped with a CEM. First, ammonium is transported by diffusion and 
migration through the membrane. Subsequently, ammonia leaves the system by 
evaporating into ammonia gas as a result of the elevated pH in the cathode. And finally, 
ammonia is captured and recovered in an acid. By operating the bioelectrochemical 
reactor as a MEC, ammonia recovery can be combined with production of hydrogen gas. 
BES also represents an ideal technology to precipitate phosphorus, together with 

ammonium, in form of struvite thanks to the relatively high pH in the catholyte as 

mentioned before. Furthermore, BES can be used to mobilize orthophosphate 

from the iron phosphate contained in digested sewage sludge (Fischer et al., 

2011). Cusick et al. (2014) reported a P precipitation efficiency of 85% with an 

associated energy consumption of 6.5 kWh·kgP-1, which was significantly less 

than that needed by other struvite formation methods based on pH adjustment. 

Therefore, the main advantage of using BES for nutrients recovery, compared to 

other technologies, is that they allow to limit the energy requirements by exploiting 

the energy content of the organic matter present in a waste. Finally, although the 

first experiences with pilot plants have already been carried out and give hope to 
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the development of this technology, the use of BES for nutrients recovery still 

needs optimization of operational parameters (Arredondo et al., 2015). 

1.3. SCALING-UP BES 

1.3.1. The challenges of scaling up BES 

Making the leap from the controlled laboratory scale use of these technologies 

into pilot scale systems that will inform us of their suitability to real applications is 

one of the most challenging aspects of research in this area. These challenges 

are mostly techno-economical in nature. When conducting a pilot scale study, 

even with the best intentions and meticulous planning it is not always easy to 

carry out the investigation strictly following the tenants of the scientific method. 

The use of replicas is a vital way of achieving a scientific method, the resulting 

reproducibility and reliability of the data collected is standard practice with all 

laboratory experiments. However, it is rarely considered at pilot scale, where the 

logistics and expense of operating one reactor are high enough without 

considering two. Ultimately therefore most pilot scale studies are not highly 

scientific, and the information and conclusions are not as strong as those 

achieved in laboratory based studies. This is unfortunate, as it is these studies 

which will actually guide us into the real applications of the technologies 

developed initially in the lab. Achieving the rigor of laboratory testing within a field, 

a pilot scale study will be essential to take this technology forward.  

The logistical problems of setting up a pilot scale project may individually seem 

like minor and highly surmountable problems, but can combine to have significant 

detriment to both the economic cost of the project and its outcomes. These 

problems, and the compromises that need to be made to overcome them, can 

have significant and long lasting impacts into the study being undertaken. For 

example, a reactor planned for startup in the summer months can be delayed into 

the winter months which can be a significant decrease in operating temperature, 

and would result in very slow microbial growth, and potentially a less active and 

effective biofilm forming. Without a replica reactor started in the summer months 

we are unlikely to know the full impact of this on overall reactor performance.  
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Financial problems can be broadly split into two main areas, finding funding to do 

this research, and then using this funding to build practical systems. BES 

technologies, and the associated complex microbiology, rely on mean they do not 

fit easily into the standard technology readiness levels often used to identify 

different funding sources. Many of the fundamental elements of BES operate 

differently at different scales. There is therefore a need to do fundamental 

research (TR level 1-3) such as sequencing and understanding microbial 

dynamics on reactors that are prototypes in an operational environment (TR level 

6-7). Secondly once funding is in place, different materials need to be sourced 

which are affordable to use at large scale but will still function in the BES. 

Thankfully low cost alternatives to most of the materials have now been found, 

with stainless steel replacing platinum catalyzed cathodes (Cusick et al., 2011) 

and  new cheap separators replacing ion exchange membranes. In 2008, these 

two components were 85% of the costs (Rozendal et al., 2008). However, in 

recent pilots they account for less than 2% (Heidrich et al., 2013). The carbon 

anode material at approximately 110 €·m-2 is now the greatest material cost. 

Furthermore, developing cheaper alternatives to ancillary equipment such as 

sensors and potentiostats, which are often expensive and not designed to be 

robust enough for field applications is another challenge. 

1.3.2. A brief summary of the pilot scale studies undertaken in the area of 
BES.   

The first large-scale experience with BES was an MFC built and operated by the 

Advanced Water Management Center at the University of Queensland (Butzer et 

al., 2007). The MFC consisted of 12 units with a total volume of approximately 1 

m3. There is scant information about the performance of this plant, although it is 

known that power production was limited by the low conductivity of the 

wastewater and biomass proliferation on the cathode (Logan, 2010) (Figure 

1.5B).  In a much recent work based on a 200 L modular MFC (Figure 1.5D) 

operated in field conditions in a municipal wastewater treatment plant, Ge and He 

(2016) reported more than 75% Chemical Oxygen Demand (COD) removal rates, 

accompanied by a power production of 200 mW, which was enough to power part 

of the ancillary equipment required to operate the plant. Much more complex 

substrates than urban wastewater have been also used as a feedstock for pilot 
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MFC. In Vilajeliu-Pons et al. (2017), it is reported that a 115 L MFC was able to 

remove almost all of the biodegradable fraction from swine manure producing 

about 200-400 mW of power. Moreover, the plant, which consisted of six MFC 

units also allowed to remove about 50% of the nitrogen initially present in the 

manure. 

The first large-scale MEC had a working volume of 1000 L, was continuous flow 

and ran a hydraulic retention time (HRT) of 1 day (Cusick et al., 2011) (Figure 

1.5.C). The system was operated for a period of 100 days and it was feeding with 

winery wastewater, which has an average influent of 760 ± 50 mgCOD·L-1 (soluble 

chemical oxygen demand), and it was supplemented with acetate. COD reduction 

averaged 62%, however hydrogen production was limited as the gas contented 

85% of methane. The system utilized a single chamber design, which resulted in 

methanogenesis occurring at the cathode, consuming the hydrogen. Although 

single chamber designs had been very efficient at the lab scale this study showed 

this was not scalable.   

A few years later Heidrich et al. (2013) built and operated a continuous flow MEC 

which had a volume of 120 L, a HRT of 1 day, and ran for a period of 12 months 

using raw domestic wastewater (125-4500 mgCOD·L-1) taken directly from the grit 

channels during pre-treatment. This was in the North East of England and the 

system was not heated, leading to temperatures ranging from 1–20 °C. A low 

COD removal of 30% was reported, however almost pure hydrogen (100 ± 6.4%) 

was produced at a rate of 0.015 – 0.007 LH2·L-1·d-1, with a coulombic efficiency 

of 41-55%. The cassette design of the electrodes that was developed in this study 

has seen to be versatile and scalable with its application in other pilot plants. The 

study did not reach the required energy recovery to be energy neutral, and did 

not treat the wastewater to EU standards. Inconsistent COD balance, along with 

a build-up of sludge within the reactor was the cause of the poor performance.  

In Cotterill et al. (2017) a similar cassette electrode design but at 2 different 

scales: 0.6 m2 and 1 m2 anodes. It ran using settled domestic wastewater (347 

mgCOD·L-1), at a real treatment site at ambient temperatures (8.6-15.6 °C) for 217 

days, with a HRT of 5 hours. By decreasing the spacing of the cassettes and 

increasing the HRT from the Heidrich study, the COD removal was on average 

63.5%, and the effluent reached European Urban Wastewater Treatment 
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Directive discharge standards (Council Directive 91/676/EEC, 1991). However, 

the MEC only produced 0.004 LH2·L-1·d-1 with a maximum CE of 27.7%. The 

problems arose from hydrogen consuming microorganism entering the cathode 

compartment and scavenging hydrogen, maintaining a sterile cathode 

compartment was shown to be vital for successful hydrogen recovery (Baeza et 

al., 2017). 

 

Figure 1. 5. Photographs of different pilot-scale BES: (A) A 130-L MEC operated with 
different wastewaters (Baeza et al., 2017) (B) A tubular MFC with a total volume of 
approximately 1 m3 (Logan, 2010) (C) A continuous flow MEC with a volume of 1000 L 
(Cusick et al., 2011)  (D) A 200 liter modularized MFC system treating municipal 
wastewater (Ge and He, 2016).  
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This MEC used the primary effluent from domestic wastewater, running a 130 L 

MEC for a period of 5 months, at a temperature range of 18-22 °C (Figure 1.5A). 

Again, this research team used the cassette-type electrodes as the base for their 

design, with an HRT of 2 days. Hydrogen was produced at a rate of 0.032       

LH2·L-1·d-1, which is the highest published, with a purity of 95%. Consequently, 

high cathodic gas recovery of 82% and an energy recovery of 121% with respect 

to the electrical input were achieved. However, COD removal was low at around 

25%. This study also treated 2 types of synthetic wastewater utilizing the same 

design, and discovered that hydrogen production was in fact the highest with real 

wastewater out of the 3 carbon sources tested. Although this system is the most 

successful yet in terms of energy production, problems still occurred, mainly 

related to application of electric potential and material deterioration.  
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2.1. OBJECTIVES 

The main objective of this Thesis is to explore the potentialities and weaknesses 

of BES to remove and recover nitrogen from waste streams. In order to achieve 

this main goal, the following specific objectives are proposed: 

1. Understand the effect of applied voltage, type of catholyte and reactor scale 

on nitrogen recovery from two different organic wastes (digestate and pig slurry) 

by means of MEC technology. 

2. Assess the impact of long-term operation on the cation exchange membrane 

and on the anode microbial communities of two semi-pilot (16 L) Microbial 

Electrolysis Cells designed for pig slurry valorization. 

3. Characterize the performance of a 150 L BES-based plant, designed for carbon 

and nitrogen removal from several waste streams. 

4. Evaluate the ageing process of five different kind of cation exchange 

membranes after four months of operation on a MEC and how it impacts on their 

mechanical, chemical and electrochemical properties. 

 

2.2. THESIS OUTLINE 

This PhD thesis is divided into eight chapters. 

• Chapter 1: General introduction 

This chapter provides a general overview regarding the main topics of the thesis. 

It includes a short literature review to provide a background and state of the art 

of BES developments, an assessment of the applicability of this technology to the 

recovery/removal of nitrogen and of the importance of the materials in the scaling-

up of these systems. 
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• Chapter 2: Scope of the thesis 

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

• Chapter 3: Materials and Methods 

Materials, reactors’ configurations, substrates, methodologies and analytic 

techniques used in the assays are described in this chapter.  

• Chapter 4: Understanding nitrogen recovery from wastewater with a 
high nitrogen concentration using microbial electrolysis cells 

Chapter 4 focuses on studying how voltage, reactor size and catholyte affect to 

nitrogen recovery. For this purpose, MEC with sizes of 100, 500 and 1000 mL are 

tested at applied voltages of 0.6, 1 and 1.4 V using either a phosphate-buffered 

solution or NaCl solution as the catholyte. 

• Chapter 5: Assessing anodic microbial populations and membrane 
ageing in a pilot microbial electrolysis cell 

In this chapter, two identical semi-pilot MECs (16 L) are operated with pig-slurry 

as substrate to show how long-term operation impacts on the durability of the 

membrane and the anode and how the evolution of these elements influences 

MEC performance in terms of current density.  

• Chapter 6: Pilot-scale bioelectrochemical system (BES) for 
simultaneous nitrogen and carbon removal in urban wastewater 
treatment plants. 

In Chapter 6, a 150 L BES-based pilot plant designed for integral wastewater 

treatment is fully characterized in terms of nitrogen and carbon removal and 

energy efficiency. 
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• Chapter 7: Evolution of cation exchange membranes’ properties in long-
term bioelectrochemical system operation 

Chapter 7 assesses the ageing process of five different cation exchange 

membranes by means scanning electron microscopy, atomic force microscopy, 

thermogravimetric analysis, ion exchange capacity analysis and electrochemical 

impedance spectroscopy after four months of operation. The aim is to understand 

how long term operation impacts on the mechanical, chemical and 

electrochemical properties of these membranes.  

• Chapter 8: General conclusions 

Chapter 8 summarizes the main conclusions drawn from this work and outlines 

some guidelines for future investigations.  

 

2.3. RESEARCH FRAMEWORK 

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

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

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

developed within the doctoral program on “Environmental Science and 

Technology” at the University of León and was financially supported by the 

Spanish Ministry of Economy and Competitiveness with a FPU fellowship grant 

(FPU13/04014). 

In the last ten years, IQUIMAB has been in several research activities ranging 

from energy valorization through different bio-based technologies (anaerobic 

digestion and BES mainly), to the production of biofertilizers. In this context, the 

first PhD Thesis on Bioelectrochemical Systems was completed in 2012 and the 

present thesis continues with this research line.  
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Figure 2.1. General overview of this PhD thesis 
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3.1. EXPERIMENTAL SET-UP 

3.1.1. Reactor configuration 

The reactors used in chapters 4, 5 and 7 have a similar configuration. They 

consist in four methacrylate plates coupled in parallel with a rubber sheet inserted 

between each plate. The two sides of the plates acted as the walls of the reactor, 

while the central plates had been emptied and acted as chambers. The anode 

consists of a carbon felt electrode while the cathode is made of a stainless steel 

mesh. Anode and cathode chambers are separated by an ion exchange 

membrane. The total volumes are 120, 500 and 1000 mL in chapter 4, 16 L in 

chapter 5 and 500 mL in chapter 7.  

 

Figure 3.1. Pictures of the reactors used in each chapter. 
The reactor used in chapter 6 contains five electrode pairs instead just one pair, 

with both the anode and the cathode made of carbon felt provided with stainless 

steel current collectors. The total volume of this reactor is 150 L. 

3.1.2. Membranes 

The ageing process of ion exchange membranes is assessed on two kinds of 

membranes: anionic exchange membrane (AEM) (chapter 6) and cationic 

exchange membrane (CEM) (chapter 4, 5 and 7). Regarding AEM, the model 

AMI-7001 (International membranes Inc) was used. Regarding IEM, five different 

model membrabes were used: Nafion 117 (DuPont), CMI-7000 (Membranes 

International), Zirfon Perl UTP 500 (Agfa), Fumasep FKE and FKB (Fumatech). 
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Prior to each experiment, membranes were pretreated following the 

manufacturer’s instructions. 

3.2. SUBSTRATES AND INOCULA 

3.2.1. Substrate 

The substrate used vary depending of the experiment performed. A summary of 

these substrates (anolytes and catholytes) is shown in table 3.1 and a deeply 

description of each substrate is provided in the corresponding chapters.  

Table 3.1. Summary of the substrates used. 

Chapter Substrates 

 
Anolyte Catholyte 

4 Digestate, pig slurry NaCl, PBS 

5 Pig slurry  PBS 

6 WW, WW + centrate, centrate Anolyte effluent 

7 Synthetic WW PBS 

PBS: Phosphate Buffer Solution 

 

3.2.2. Inocula 

Inocula mainly consists of a mix of WW/sewage sludge/digestate/river mud and 

effluent from the bioanode of a previous MEC that had been supplemented with 

acetate.  

3.3. ANALYTICAL METHODS 

3.3.1. Chemical analysis 

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

To avoid duplication of contents, more information about the analytical 

measurement used in this thesis can be found in the sections M&M of the 

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

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

Conductivity* Conductimeter TetraCon 325 (WTW) 

Dissolved oxygen (DO)* Oxygen sensor system HQ40d  (Hach Company) 

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

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

Ammonium* Ion selective-electrode NH3 781 pH/Ion meter (Metrohm) 

Nitrate and nitrite* Spectrophotometer DU640 (Beckman) 

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

Gas flow Milligascounter MGC-1 PMMA (Ritter) 

Volatile Fatty Acids (VFA)* Gas chromatography 450-GC (Bruker) 

 

3.3.2. Electrochemical techniques 

Analytical electrochemistry techniques, such as chronoamperometry, 

polarization test and electrical impedance spectroscopy, were performed using a 

PCI-6713 analog output board (National Instruments, Texas) and a commercial 

potentiostat VMP3 (Biologic Science Instruments, France). In 

chronoamperometry, voltage across resistances was measured continuously, 

and current was determined using Ohm´s law. The current density (A·m-2) of the 

systems was calculated as the quotient between the intensity (A) recorded and 

the area of the anode (m2). Further information about the electrochemical 

techniques applied is given on each chapter. 

3.3.3. Membrane analysis 

Membrane study is the main objective of chapter 7 and an important point in 

chapter 5. Membrane analysis in this thesis stands out because of the variety of 

methods used to exanimate the membranes: thermogravimetry analysis (TGA), 

ion exchange membrane capacity (IEC), scanning electron microscope (SEM), 

energy dispersive x-ray (EDX), confocal microscopy (CM), atomic force 

microscopy (AFM), computational fluid dynamic (CFD) simulations and electrical 

impedance spectroscopy (EIS). All of them are described in chapter 5 and 7. 
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3.3.4. Microbial community analysis  

Genomic DNA and RNA are extracted for the electrodes, in chapter 5, at different 

sampling points with the DNA isolation kit and RNA purification kit, respectively, 

following the manufacturer’s instructions. In the case of RNA, a reverse 

transcription step PCR for complementary DNA (cDNA) synthesis from the 

obtained RNA is performed. The entire DNA extract is used for the 

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

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

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

 

Figure 3.2.A) DNA sample extraction from the carbon felt electrode, B) DNA isolation 
kit, C) DNA extracted sample  in an Eppendorf tube.  

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

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

1.35.1. 

3.4. SYSTEM PERFORMANCE CALCULATIONS AND INDICES 

3.4.1. Removal/recovery efficiencies 

Total Nitrogen (TN) and Total Organic Carbon (TOC) removal efficiencies are 

calculated as the ratio between of the difference anode influent and effluent 

concentration and the influent concentration.  According to eq. 1 and 2 as: 

𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 −  𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖
 ·  100                                                                                   (1) 

Where TNin and TNout are the NT concentration of the anolyte influent and 

effluent, respectively. 
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𝑇𝑇𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 −  𝑇𝑇𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖
 ·  100                                                                           (2) 

Where TOCin and TOCout are the TOC concentration of the anolyte influent and 

effluent, respectively. 

The nitrogen recovery efficiency is determined as the ratio between the amount 

of TN in the catholyte effluent and the amount of TN in the anolyte influent.  

according to eq. 3 as: 

𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜,𝑐𝑐𝑐𝑐𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑐𝑐𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
 ·  100                                                                                 (3) 

The nitrogen transport rate through the membrane is calculated as the amount of 

TN that crosses the membrane from the anolyte to the catholyte per day and per 

membrane surface area (m2).  

3.4.2. Electrochemical efficiencies 

Coulumbic efficiency is calculated according to eq. 4 as: 

𝑇𝑇𝑟𝑟𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝑟𝑟 𝑟𝑟𝑒𝑒𝑒𝑒𝐶𝐶𝑟𝑟𝐶𝐶𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟 =  
∫ 𝐼𝐼 ∙ 𝑑𝑑𝑑𝑑𝑜𝑜
0

(𝑇𝑇𝑇𝑇𝐶𝐶𝑖𝑖𝑖𝑖 −  𝑇𝑇𝑇𝑇𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜)/𝑀𝑀 ∙ 𝑄𝑄 ∙ 𝑟𝑟 ∙ 𝐹𝐹
                                          (4) 

Where CODin and CODout are the COD concentration of BES influent and effluent, 

respectively, I is the circulating electrical current (A), M is the molecular weight of 

1 mol of COD (32 g·mol-1), Q is the influent flow rate (L·d-1), e is the number of 

mol of electrons exchanged per mol of COD equivalent consumed (4 mol·mol-1), 

and F is the Faraday constant (96,485 C·mol-1). TOC was converted to COD as 

COD = 49.2 + 3.00∙TOC according to Dubber and Gray (2010).  

Cathodic efficiency is calculated according to eq. 5 as: 

𝑇𝑇𝑟𝑟𝑑𝑑ℎ𝑟𝑟𝑑𝑑𝐶𝐶𝑟𝑟 𝑟𝑟𝑒𝑒𝑒𝑒𝐶𝐶𝑟𝑟𝐶𝐶𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟 =  
(𝑇𝑇𝑇𝑇3−𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇3−𝑜𝑜𝑜𝑜𝑜𝑜 )/𝑀𝑀 ∙ 𝑄𝑄 ∙ 𝑟𝑟 ∙ 𝐹𝐹

∫ 𝐼𝐼 ∙ 𝑑𝑑𝑑𝑑𝑜𝑜
0

                                        (5) 

Where NO3-in and NO3-out are the nitrate concentration of BES influent and 

effluent, respectively, M is the molecular weight of 1 mol of nitrate (62 g·mol-1) 

and e is the number of mol of electrons exchanged per mol of nitrate consumed 

(5 mol·mol-1).  
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Cathodic gas recovery is calculated according to eq. 6 as:  

𝑇𝑇𝑟𝑟𝑑𝑑ℎ𝑟𝑟𝑑𝑑𝐶𝐶𝑟𝑟 𝑔𝑔𝑟𝑟𝑔𝑔 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑉𝑉𝐻𝐻2 ∙ 𝑉𝑉𝑚𝑚,𝐻𝐻2

−1 ∙ 𝐶𝐶𝐻𝐻2 ∙ 𝐹𝐹

∫ 𝐼𝐼 ∙ 𝑑𝑑𝑑𝑑𝑜𝑜
0

                                                      (6) 

where VH2 is the volume of produced hydrogen (L), Vm,H2 is the molar volume of 

hydrogen at 1 atm and 20 °C (24.06 L·mol−1), bH2 is the number of moles of      

electrons transferred per mole of hydrogen (2 mol e−·mol−1H2). 

Energy recovery, as the amount of energy recovered as hydrogen with respect 

to the energy input, is calculated, as reported Baeza et al. (2017), according to 

eq. 7 as: 

𝐸𝐸𝑒𝑒𝑟𝑟𝑟𝑟𝑔𝑔𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑒𝑒𝐻𝐻2 ∙ 𝛥𝛥𝛥𝛥𝐻𝐻2
∫ 𝐼𝐼 ∙ 𝐸𝐸𝐴𝐴𝐴𝐴 ∙ 𝑑𝑑𝑑𝑑
𝑜𝑜
0

                                                                                       (7) 

where nH2 is the number of moles of hydrogen produced, ΔHH2 is the heat of 

combustion of hydrogen (−285.8 kJ·mol−1) and EAP is the cell applied voltage.  

Specific energy consumption of a pump (ECPump, kWh·m-3), as reported Zou et al. 

(2017) was calculated according to eq. 8 as: 

𝐸𝐸𝑇𝑇𝐴𝐴𝑜𝑜𝑚𝑚𝑃𝑃 =  
𝑟𝑟 · 𝜋𝜋 · 𝑟𝑟2 · �𝜌𝜌 · 𝑔𝑔 · ℎ +  𝜌𝜌 · 𝑟𝑟2

2 �

1000 · 𝜂𝜂
·

1
𝑄𝑄

                                                                     (8) 

where v (m·s−1) is the water velocity, r (m) is the radio of the tube, ρ (kg·m-3) is 

the water density, g (m·s-2) is the gravitational acceleration, η (%) is the efficiency 

of the pump (we assumed 70% for centrifugal pumps and 100% for peristaltic 

pumps) and Q (m3·h-1) is the water flow rate.  
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ABSTRACT 

This study was aimed at understanding the effect of applied voltage, catholyte 

and reactor scale on nitrogen recovery from two different organic wastes 

(digestate and pig slurry) by means of microbial electrolysis cell (MEC) 

technology. For this purpose, MEC sizes of 100, 500 and 1000 mL were tested 

at applied voltages of 0.6, 1 and 1.4 V using either a phosphate-buffered solution 

or NaCl solution as the catholyte. By increasing the reactor size from 500 mL to 

1000 mL, a decrease in the ammonia recovery efficiency from 47 to 42 % was 

observed. The results also showed that the phosphate-buffered solution is 

preferable as the catholyte and that the voltage applied does not have a 

noticeable effect on current production and ammonia recovery. Low 

biodegradability of the wastes was identified as the main bottleneck. 

4.1. INTRODUCTION 

Livestock products and digestate are commonly used as fertilisers for crop 

production due to their high nutrient content (Jensen, 2013). However, their direct 

disposal may also overcome the capacity of the soil to absorb nutrients in some 

areas (Santos et al., 2016), giving to rise to health and environmental issues such 

as the eutrophication of water bodies (Sommer et al., 2008). In addition, waste 

logistics (collection, storage and transport) represent a significant cost for 

farmers, and much of the nitrogen is lost due to NH3 emission (18% of the N) and 

N2 production (26% of the N) during storage (Sommer et al., 2013). Nevertheless, 

these wastes could also be considered a valuable resource if the nitrogen 

contained in the manure and digestate could be used as fertiliser. Li et al. (2015) 

supported the idea that the recovery of nitrogen from wastewater (WW) can form 

part of the existing nitrogen-fertiliser production process. Therefore, if the 

nitrogen contained in manure and digestate (higher than in WW) could be feasibly 

and efficiently recovered, it would reduce the environmental impact and economic 

cost of the energy-intensive fertiliser manufacturing process and it would avoid 

ammonia inhibition during anaerobic digestion (Zhang and Angelidaki, 2015) 

(Atandi and Rahman, 2012). 
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Bioelectrochemical systems (BES) represent an emerging technology with a wide 

range of potential applications ranging from energy valorisation of swine wastes 

(Lin et al., 2016) to water desalination, or indeed the recovery of nutrients from 

waste streams (Wang and Ren, 2013). For nitrogen in particular, this can be 

accomplished by allowing ammonia to cross from the anolyte to the catholyte 

thanks to diffusion and migration phenomena (Arredondo et al., 2015) (Zhang 

and Angelidaki, 2015). This enables ammonium to be separated and 

concentrated on the catholyte (Kuntke et al., 2011), then subsequently stripped 

in an air-stripping system and recovered in acid. This strategy has been 

previously described and tested by Kuntke et al. (2012) using a microbial fuel cell 

(MFC), with an ammonium recovery rate of 3.29 gN·m−2·day−1, and in a microbial 

electrolysis cell (MEC) by Wu and Modin (2013), who reported up to 79% 

ammonia recovery. Although this strategy has already been reported as a 

sustainable process for nitrogen recovery with WW, there is still a lack of 

knowledge about how this technology performs when using real substrates. 

Although real substrates may contain a high nitrogen concentration, organic 

matter is not readily accessible by electrogenic microorganisms, which hampers 

current production, and thus, ammonia migration.     

The aim of this research was to study the feasibility of nitrogen recovery from two 

different organic wastes using MEC technology, and to understand how the 

applied voltage, the type of catholyte and the reactor size affects the overall 

performance. Experiments were carried out in 100 mL (MEC-1X), 500 mL (MEC-

5X) and 1000 mL (MEC-10X) capacity MEC reactors at applied voltages of 0.6, 

1.0 and 1.4 V, using either a phosphate-buffered solution (PBS) or NaCl solution 

as the catholyte. 

4.2. MATERIALS AND METHODS 

4.2.1. MEC-1X test  

Four similar methacrylate MECs were used, consisting of four methacrylate 

plates coupled in parallel with a rubber sheet inserted between each plate. The 

two sides of the plates acted as the walls of the reactor, while the central plates 

had been emptied and acted as anodic or cathodic chambers holding 50 mL each 

(anode and cathode). The electrodes were made of 5-mm-thick graphite felt and 
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stainless steel mesh for the anode and cathode, respectively. The felt was 

pretreated following a method described elsewhere (Mateos et al., 2017), and the 

stainless steel was cleaned with distilled water. Both electrodes were connected 

to a titanium wire to facilitate the connection, and a cation exchange membrane 

(CEM) (CMI-7000; Membranes International Inc., USA) was placed between both 

compartments. Assays were performed in batches at 30°C, and the power supply 

was computer-controlled using an analog output board (PCI-6713; National 

Instruments, USA). The voltage was measured and recorded every 10 min across 

a 16-Ω fixed resistor using a data acquisition system that was connected to a 

computer.  

Table 4.1. Digestate and pig slurry composition. Average concentration of Total Organic 

Carbon (TOC), Acetate, Total Nitrogen (TN), Total Ammonia Nitrogen (TAN), Phosphate, 

Sulphate, Chloride, Total Solids (TS), Volatile Solids (VS), pH and Conductivity. 

  Digestate Pig slurry 

TOC (g/L) 0.99 2.81 

Acetate (mg/L) 2 173 

TN (g/L) 1.6 2.0 

TAN (g/L) 1.55 1.9 

Phosphate (mg/L) 726 32 

Sulphate (mg/L) 253 34 

Chloride (mg/L) 38 2060 

TS (g/kg) 24 17.3 

VS (g/kg) 11.2 7.6 

pH 7.4 8.2 

Conductivity (mS/cm) 24.1 26 

The anodes of all MECs were inoculated with sewage sludge and effluent from 

the bioanode of a previous MEC that had been supplemented with 0.5 g·L-1 of 

acetate. The anode feed consisted of either digestate from an anaerobic digester 

of an urban WW treatment plant (located in the northwest of Spain) or pig slurry 

from a nearby pig farm (the composition of both feeds is indicated in Table 1). 

The catholyte consisted of either PBS (0.1 M) or NaCl solution (0.1 M).  
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For MEC-1x, tests to determine the effect of different catholytes (NaCl and PBS) 

and the applied potential (0.6, 1 and 1.4 V) were performed, all of which were 

conducted over a period of 48 hours. Samples of the liquid were taken at 2, 4.5, 

7.5, 28, 32 and 48 hours. 

4.2.2. MEC-5X and MEC-10X tests   

The MEC-5X and MEC-10X tests used two reactors with the same configuration 

as MEC-1X, but with a volume per chamber of 250 mL and 500 mL, respectively. 

The CEM consisted of a Nafion 117 membrane (DuPont Co., USA), and these 

experiments were carried out at room temperature. The anode feed consisted of 

pig slurry, the composition of which is indicated in Table 1, which was filtered 

through a 125-μm sieve before use. The catholyte was 0.1 M PBS. Anolyte and 

catholyte samples were taken at the beginning and the end of each cycle. The 

voltage applied was fixed at 1 V and three different batch periods were carried 

out to check the effect of time: three batchs of 1 day, two batchs of 2 days and 

two batchs of 3 days. The power supply was controlled, the voltage was 

measured, and the anode were inoculated in the same way as MEC-1X. 

4.2.3. Analytical methods 

Total organic carbon (TOC) and total nitrogen (TN) were measured in duplicate 

by a TOC analyser (multi N/C 3100; Analytikjena, Germany). Ammonium was 

measured according to the standard method (Federation and Association, 2005) 

using an ion-selective electrode (NH3 781 pH/Ion Meter; Metrohm, Switzerland). 

The pH was measured using a pH meter (GLP 21; Crison Instruments, Spain). 

Volatile fatty acids (VFAs) were determined using a gas chromatograph (CP3800 

GC; Varian, USA) equipped with a flame ionisation detector, with helium used as 

the career gas. The VFA samples were pretreated following a method described 

elsewhere (Martínez et al., 2017).  
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4.3. RESULTS AND DISCUSSION 

4.3.1. Preliminary result in MEC-1X 

The anodes were inoculated with sewage sludge and 1 V was applied between 

the anode and cathode, following the procedure described above. After 20 days, 

once the current had stabilised, the cells were operated in batch mode using 

digestate as the anolyte at different applied voltages (0.6, 1.0 and 1.4 V) in order 

to evaluate to what extent migration phenomena influence nitrogen recovery.  

 

Figure 4.1. MEC-1X reactor current densities with different voltages applied (0.6, 1 and 

1.4 V) and different catholytes (PBS and NaCl) when digestate is used as anolyte. 

Two different catholytes were used, PBS and NaCl, both at a concentration of  

0.1 M. Current densities (Figure 4.1) were very much independent of both the 

applied potential and the catholyte being used, which may indicate that substrate 

degradation was the limiting step (i.e., organic carbon was likely not bioavailable 

for bioelectricity production) (Gil-Carrera et al., 2013). Figure 4.2 suggest that this 

might be the case, as the removal of total organic carbon (TOC) does not seem 

to depend on the applied voltage either.  
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Figure 4.2. Total organic carbon removal efficiency in the anodic chamber and nitrogen 

recovery efficiency in the cathodic chamber when phosphate-buffered saline (A and C) 

and NaCl (B and D) were used as the catholyte and digestate as anolyte in MEC-1X. 
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Figure 4.3. Current density at 1V when phosphate-buffered solution (A) and NaCl (B) 

were used as the catholyte and digestate as anolyte in MEC-1X. 

Moreover, the current densities were below 5 A·m-2, the threshold value 

established by Liu et al. (Liu et al., 2016) for which diffusion predominates over 

migration in ammonia recovery. This means that nitrogen recovery on the 

catholyte occurred independent of the applied potential for the particular 

substrate used in this study (digestate). In contrast, the catholyte seems to have 

some impact on nitrogen recovery, with lower recovery rates obtained when the 

NaCl solution was used.  

Ammonia loss through volatilisation might explain the lower recovery rate with 

NaCl, as the ammonia fraction begins to be significant at pH above 8 (30ºC) 

(Bonmati and Flotats, 2003); however, in this study the catholyte pH reached 9 
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when using NaCl and did not rise above 7.5 when using PBS (Figure 4.3). 

Moreover, a pH between 9.0 and 9.4 is the optimum range for the rapid 

precipitation of struvite from the solution (Booker, Priestley and Fraser, 1999), 

which can cause energy loss due to the formation of precipitate on the cathode 

surface (Almatouq and Babatunde, 2016). In contrast, when using PBS as the 

catholyte, the pH was fairly constant (below 7.5), as mentioned above, which 

means that the risk of ammonia volatilisation and struvite precipitation are 

minimized. Previous studies have also found that a PBS-based catholytes offer 

better results in terms of energy recovery (as hydrogen) in a MEC (Yossan et al., 

2013). The results presented in Figure 4.2 also show that regardless of the 

catholyte being used, over 70% of the maximum ammonia recovery and 

maximum TOC removal were achieved within the first 8 hours in all the 

experiments. From this moment on, the slopes of the NT and TOC profiles began 

to decline, probably due to the effect of charge exchange attempting to maintain 

overall charge neutrality (Kuntke et al., 2011) and the consumption of 

biodegradable organic matter, respectively. 

These same tests were replicated using pig slurry as anolyte, obtaining similar 

results to those obtained with digestate: applied voltage did not seem to have any 

visible effect on nitrogen recovery efficiencies and PBS offered better results than 

NaCl. However, applied voltage seemed to have a more positive effect on TOC 

removal efficiencies when using pig slurry (Figure 4.4). This might probably be 

attributed to the presence of more easily degradable organic matter in the used 

pig slurry than in the digestate. 
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Figure 4.4. Total organic carbon removal efficiency in the anodic chamber and nitrogen 

recovery efficiency in the cathodic chamber when phosphate-buffered saline (A and C) 

and NaCl (B and D) were used as the catholyte and pig slurry as anolyte in MEC-1X.  
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4.3.2. MEC-5X and MEC-10x tests 

Following the preliminary results on the MEC-1X scale, the same double chamber 

configuration was tested at two different scales (5X and 10X), although this time 

pig slurry, which has a higher nitrogen content than the digestate, was used as 

the anolyte. The PBS solution was used as the catholyte to avoid pH rises that 

might result in nitrogen loss and salt precipitation on the cathode. Again, the 

anodes of the MECs were inoculated with anaerobic digestate from the local WW 

treatment plant and effluent from the bioanode of a previous MEC which had been 

supplemented with sodium acetate. After inoculation, the reactors were fed with 

a synthetic medium over nine cycles until the current stabilised, then the feed was 

changed to pig slurry, requiring 20 days for the current to stabilise again. Applied 

voltage was set at 1 V to optimize TOC removal (compared to 0.6V) without 

incurring in an excessive energy consumption that might probably result from 

using 1.4 V. Interestingly, although MEC-5X developed a slightly higher peak 

current density, the current profiles for both reactors followed similar trends 

(Figure 4.5). This suggests that doubling the reactor volume does not have a 

significant impact on the reactor performance, at least when using a substrate 

with low biodegradability such as pig slurry. The maximum current densities are 

similar to the results found in other lab-scale MECs fed with pig slurry (Cerrillo et 

al., 2016).  

 

Figure 4.5. Current density in MEC-5X and MEC-10X under different batch times. 
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Nitrogen recovery and organic matter removal were evaluated in batch tests with 

a duration of 12 hours, 1, 2 or 3 days. For both nitrogen (Figure 4.6) and TOC 

(Figure 4.7), it was observed that the majority was removed during the first 12 

hours day, and that increasing the batch duration to 1, 2 or 3 days did not bring 

any additional improvement. This is in accordance with the result obtained using 

digestate in MEC-1X (Figure 4.2), where the rate of nitrogen removal and current 

production (which can be linked to TOC degradation) were the highest during the 

first 8 hours of the tests, after which point they reached a plateau. Most of the 

nitrogen removed in the anode was recovered on the cathode as NH4+, achieving 

recovery rates of up to 50%, which are similar to than that obtained with pig slurry 

in MEC-1X but they are lower than that obtained with the digestate in MEC-1X. 

This is probably due to the higher nitrogen concentration in the pig slurry, and is 

consistent with other studies that reported the highest nitrogen removal 

efficiencies with the lowest ammonia transport (Rodríguez Arredondo et al., 

2017). Regarding the ammonia recovery rate, the highest values were 10.9 and 

8.3 gN·m-2·day-1 for MEC-5X and MEC-10X, respectively. These results 

correspond with efficiencies of 53, 47 and 42% for MEC-1X, MEC-5X and MEC-

10X, respectively. Therefore, a decrease in the ammonium recovery efficiencies 

is observed when the reactor volume is increased. 

The concentration of TOC in the pig slurry averaged 2.8 g·L-1 (Figure 4.7), and 

only 300 mgTOC·Lanode-1·day-1 was removed, most of which occurred on the first 

day and was correlated with current decrease, which represents a removal rate 

of about 9.3 %. Regarding VFAs, only acetate was identified, which showed an 

average concentration of 173 mg·L-1 at the beginning of the test and was 

completely removed by the end of the test. 
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Figure 4.6. Variation in nitrogen concentration (g·L-1) in the anolyte at the beginning and 

the end of the batch period (12 hours, 1, 2 or 3 days) in MEC-5X and in MEC-10X. 

 

Figure 4.7. Variation in total organic carbon (TOC) concentration (g·L-1) in the anolyte at 

the beginning and the end of the batch period (12 hours, 1, 2 or 3 days) in MEC-5X and 

in MEC-10X. 
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4.4. CONCLUSION 

In this study, the effect of applied voltage, catholyte and reactor size on nitrogen 

recovery using MEC technology was assessed. The applied voltage did not seem 

to have a noticeable effect on ammonia recovery, maybe due to the fact that 

diffusion predominates over migration as a low-current density is produced by the 

low biodegradability of the substrates used. Moreover, the use of PBS as the 

catholyte allowed the pH to be controlled, also avoiding the appearance of 

precipitates and loss of ammonium due to volatilisation. Doubling the reactor size 

(from 500 to 1000 mL) did not appear to have a clear impact on current density, 

although the ammonia recovery efficiency decreased from 47 to 42 % when the 

reactor volume was doubled.  
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ABSTRACT 

First large-scale experiences of bioelectrochemical systems (BES) are underway. 

However, there is still little knowledge on how the different elements that integrate 

a BES behave in near real-life conditions. This paper aims at assessing the 

impact of long-term operation on the cation exchange membrane and on the 

anodic biofilm of two 16 L Microbial Electrolysis Cells (MEC) designed for 

hydrogen production and ammonia recovery from pig slurry. Membrane 

deterioration is examined by physical, chemical and microscopy techniques at 

different locations, revealing a strong attachment of microorganisms and a 

significant decay in membrane properties such as ion exchange capacity and 

thermal stability. Anode microbial communities do not show a dramatic shift in the 

eubacteria composition at different sampling areas, although the relative 

abundance of some bacterial groups showed a clear vertical stratification.  

5.1. INTRODUCTION 

Bioelectrochemical systems (BES) represent a relatively novel technology with a 

wide range of potential applications, the most interesting of which (from a 

technoeconomical point of view) can be those that allow the production of 

hydrogen or other fuels by the valorization of waste streams (Cecconet et al., 

2018). During the past 15 years, BES have experienced an intense phase of 

research in many of the areas related to their development (materials, 

engineering and microbiology) that has paved the way for the first experiences at 

a pilot scale (Escapa et al., 2016). To further advance in the development of this 

technology, it is of utmost importance to have a clear understanding of how the 

different elements that integrate a bioelectrochemical reactor behave in near real-

life conditions. Perhaps the (bio-)electrodes (anode and cathode) and the ion 

exchange membranes are the most crucial of these elements (Lai, Lou and Lin, 

2018). This is not only because they play a direct role in the basic 

bioelectrochemical processes that comprise the principle of operation of this 

technology, but also because they contribute significantly to the capital cost of 

BES (Sivasankaran and Sangeetha, 2015) (Angioni et al., 2016) (Rozendal et al., 

2008).  
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Bioelectrodes rely on the ability of certain electroactive microorganisms to 

exchange electrons with solid surfaces (electrodes) and on the formation of a 

biofilm for an efficient transfer of electrons (Franks, Malvankar and Nevin, 2010). 

For instance, the presence of mixed cultures on anodic biofilms and the 

syntrophic relationships and interactions between them makes the degradation 

of complex substrates possible (Ichihashi, Vishnivetskaya and Borole, 2014a), 

which in turn makes the operation of BES more sustainable and resilient (Borole 

et al., 2018). Therefore, a deeper understanding of the structure of anodic biofilms 

and the distribution of this biofilm on the anode, and the nature of the above 

mentioned interactions would undoubtedly help to improve the general 

performance of BES and allow a broadening of the range of potential substrates 

(Baranitharan et al., 2015). This interest in the microbiology of BES has gained a 

new momentum in the past years with the use of new methodologies such as 

high-throughput sequencing (Rivalland et al., 2015), which are proving to be very 

useful in identifying all the bacteria that make up the microbial community, thus 

helping to gain new insights on the role that microorganisms play in the whole 

BES performance. 

The membrane is another key element in BES technology. Although it is possible 

to operate BES in a membrane-less configuration (i.e. no ion exchange 

membrane is interposed between the anode and the cathode), the use of 

membrane is vital for instance to obtain high-purity hydrogen in microbial 

electrolysis cells (MEC) (Guo, Prévoteau and Rabaey, 2017), to recover nutrients 

(nitrogen, phosphorus, potassium, etc) (Zou et al., 2017) from nutrient-rich 

substrates or to avoid any interference between the anodic and cathodic process 

(e.g. to prevent oxygen from reaching the anode in microbial fuel cells, MFC). 

The few studies that have tackled the effect of using real substrates on membrane 

performance and durability (Köroğlu et al., 2014) (Çetinkaya et al., 2015) have 

shown that membrane fouling by microorganisms, extracellular polymers and 

inorganic salts are the most important factors behind the observed degradation 

in the BES performance due to the physical blockage of cation transfer that may 

cause a decay in the current. Real substrates also have a significant influence on 

the performance of BES, as they usually display low buffer capacity, low 

conductivity and can contain complex organic compounds (Lu and Ren, 2016), 
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all of which represent important challenges in the scale-up of BES systems 

(Escapa et al., 2016) (Logan, 2010). Recent works have made important 

contributions to improve the applicability of real substrates in BES  by, for 

instance, enhancing the anodic biofilm by promoting a fermenting-

exoelectrogenic consortium (Montpart et al., 2015), hindering the activity of 

undesired electron sinks (Lu and Ren, 2016) or optimizing the reactor 

configuration (San-Martín et al., 2018). 

In this paper we try to gain knowledge on how real substrates, such as pig slurry, 

affect large scale BES. Rather than assessing their influence on BES 

performance (for which there is a whole body of literature (Lu and Ren, 2016) 

(Wagner et al., 2009)) we put the focus on understanding their impact on the 

membrane and the bioanode of two relatively large BES (16 L each) designed for 

pig slurry valorization (hydrogen production and ammonia recovery). On the one 

hand, we try to assess the role that hydrostatic and hydrodynamic phenomena 

play on the development of anodic microbial communities after 100 days of batch 

operation. On the other hand, we evaluate the ageing process of the membrane 

in terms of loss in ion exchange capacity, trying to connect this deterioration with 

surface or internal structure modifications. The existence of any spatial patterns 

of deterioration/modification in these elements is also assessed. 

5.2. MATERIAL AND METHODS 

5.2.1. Experimental setup and system operation 

All experiments were conducted in two-chambered MEC reactors (MEC-1 and 

MEC-2) (Figure 5.1) made of polypropylene and built as previously described 

(Escapa et al., 2015), with a total volume of 8 L per chamber. The anodes were 

made of 5 mm-thick graphite felt (Sigratherm®, Germany) with stainless steel 

current collectors, and the cathodes consisted of stainless steel mesh electrodes. 

The projected surface area of electrodes was 0.18 m2, and carbon felt was 

pretreated according to (Mateos et al., 2017). The two chambers were separated 

by a cation exchange membrane (CMI7000, Membranes International, USA). 

Both MECs were inoculated and operated following identical procedures. 

Regarding inoculation, they were inoculated with digestate from a local 

Wastewater Treatment Plant, and operated in fed-batch mode at room 
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temperature during the entire experimental period. Fed-batch cycle duration 

varied from ∼2 days to ∼5 days, until cathodic gas production (H2) stoped. The 

reactors were fed using the liquid fraction of pig slurry (partially oxidized at the 

farm) as anolyte (and supplemented with acetate at a concentration of 0.2 g/L) 

and phosphate buffered saline (PBS) 0.1M as catholyte (pH=7). Both anolyte and 

catholyte are renewed in each batch and both were recirculated by NLAV 

peristaltic pumps (Dosiper, Spain) with a flow rate of 15 L·h-1. MECs were 

connected in parallel to a power supply (PS 2000 B, Elektro-Automatik, 

Germany), and the applied voltage was set at 1 V between anode and cathode 

to optimize TOC removal and TN recovery (compared to lower voltage) without 

incurring in an excessive energy consumption that might probably result from 

using higher voltages. Each individual circuit contained a 0.5 Ω resistor to 

measure the voltage, from which the current was calculated using Ohm's law (I = 

U·R-1), and it was recorded every 10 min using a data acquisition system (Keithley 

2700, USA). Pig slurry (Table 5.1) was collected from the slurry pits of a swine 

farm located at León (Spain). The pig slurry was pretreated in the farm with 

aeration and sedimentation process. Samples were taken almost weekly and 

stored at 4° C for <20 days.  

 
Table 5.1. Characterization of pig slurry used as feedings in the MEC. 

 Parameter (Unit) Pig slurry 
COT (g·L-1) 2.61 

Acetate (mg·L-1) 270 
NT (g·L-1) 3.1 

N-NH4+ (g·L-1) 3.1 
Phosphate (mg·L-1) 37 
Sulphate (mg·L-1) 42 
Chloride (mg·L-1) 1950 

TSS (g·L-1) 17.4 
VSS (g·L-1) 7.6 

% VSS 44 
pH 7.9 

Conductivity (dS·m-1) 26 
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Figure 5.1. A-B) Experimental set-up and general view of the two twin MECs, C) detail 
of the equipment used for monitoring pH, D) detail of the gas counter used for measuring 
hydrogen production 
 
After inoculation, both MECs were operated in fed-batch mode for a period of 78 

days that may further be subdivided into two phases: phase 1 (P1), with a 

duration of 38 days where (total nitrogen) TN concentration in the fed was 

maintained at about 0.5 g·L-1 by diluting pig slurry in tap water, and phase 2 (P2), 

with a duration of 40 days where TN concentration was gradually increased up to 

3 g·L-1 (by increasing the proportion of pig-slurry in the feed). This feeding pattern 

was designed to favor the acclimation of microbial communities to high nitrogen 

loads. Ammonium was collected within the catholyte. Due to the recalcitrant 

nature of the lignin-carbohydrate complex contained in the pig-slurry (Shen et al., 

2018), an acetate supplement of 0.2 g·L-1 was added to maintain current levels 
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and avoid any deterioration in the performance that could be attributable to 

degradable organic matter scarcity.  

5.2.2. Chemical analysis and calculation 

Liquid samples are taken from anolyte and catholyte at the beginning and end of 

each cycle. Total organic carbon (TOC) and total nitrogen (TN) are determined 

by a TOC multi N/C 3100 (Analytikjena, Germany). The pH and conductivity are 

measured using a pH meter GLP 21 (Crison Instruments, Spain) and a 

conductivity meter (TetraCon 325, WTW, Germany), respectively. Gas 

production in the MEC is measured using a Milligascounter MGC-1 PMMA (Ritter, 

Germany), and the gas composition is determined using a gas chromatograph 

CP 3800 GC (Varian, USA) where the carrier gas is argon. 

The nitrogen recovery efficiency is determined as the ratio between the amount 

of TN in the catholyte effluent and the amount of TN in the anolyte influent. The 

nitrogen transport rate is calculated as the amount of TN that crosses the 

membrane from the anolyte to the catholyte per day and per membrane surface 

area (m2). Cathodic gas recovery and energy recovery of the MEC are calculated 

as previously described (Baeza et al., 2017). 

5.2.3. Selecting sampling points on the anodic biofilm and the ion exchange 
membrane 

As hydrostatic and hydrodynamic phenomena can affect both the anodic biofilm 

and the membrane properties generating spatial heterogeneity, sampling 

locations for both elements are selected considering the hydrostatic pressure due 

to the height of the water column (top, middle and bottom of the cell) and anolyte 

flow rate (high and low flow velocities) (Figure 5.2A). The hydrodynamic 

behaviour of the anolyte is simulated by means of computational fluid dynamics 

techniques (CFD) using the commercial code Fluent R16.0 (Ansys, Lebanon, 

USA). The flow is assumed to be incompressible, steady, homogeneous, 

adiabatic and Newtonian. K-epsilon is used as the turbulence flow model and the 

volume mesh contains about 0.38 million tetrahedral elements. The simulation is 

performed with a recirculation flow rate of 15 L·h-1. Model simulation results are 

presented as fluid velocity plots, where calibrated tones show fluid velocity 

(Figure 5.2B). As expected, the highest velocities (>100 m·h-1) were found in the 
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proximity of the inlet (E1/M1) and outlet (E6/M6) recirculation ports, while most of 

the bulk liquid remained with relatively low velocities in the range between 0 and 

15 m·h-1.  

 

Figure 5.2. Schematic representation of the anode compartment indicating the electrode 
(E1-E6) and membrane (M1-M8) sampling points (A), and the fluid velocity model (B).  

5.2.4. Membrane analysis 

Total membrane surface area is 0.18 m2 and eight samples of the membrane 

(M1-M8) of MEC-2 are analysed by several techniques: confocal and scanning 

electron microscopies, thermogravimetry and ion exchange capacity titration. 

Thermogravimetry analysis (TGA) of the cation exchange membranes is carried 

out with a Thermogravimetric Analyzer SDT Q600 (TA Instruments, UK) in a 

temperature range of 30 to 750 °C at the heating constant rate of 10 °C ·min-1, 

under nitrogen atmosphere. Ion exchange capacity (IEC) is determined by acid-

base titration (Nayak et al., 2017). After the membrane is immersed in distilled 

water, it is soaked in a large volume of 1 M HCl for at least 24 hours (the solution 

was replaced three times to complete ion exchange). Later, it is washed with 

distilled water to remove excess HCl and soaked in 2 M NaCl solution for at least 

24 hours to replace the protons by sodium ions (the solution is replaced three 

times to ensure complete exchange). The different NaCl solutions are collected 

and then titrated with 0.1 M NaOH. The IEC titration of the membrane is 
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calculated as the ratio between the number of fixed charges inside the ion 

exchange membrane (meq) and the dry weight of the measured membrane (g). 

The membrane samples are examined by the JSM-6480 LV (JEOL, Japan) 

scanning electron microscope (SEM). The samples are fixed in 2.5% 

glutaraldehyde solution in PBS for 2 hours at 4°C. When dry the membranes with 

ethanol are transferred into the chamber of the critical point dryer CPD 030 (Bal-

Tec, Germany). Subsequently and prior to observation of the microstructure by 

SEM, the membranes are coated with a thin layer of gold in an EM ACE200 (Leica 

Microsystems, Switzerland). Elemental components of the inorganic salt 

precipitations in the membrane surface are analysed using an energy dispersive 

x-ray (EDX) INCA (Oxford Instrument, UK), which is integrated in the SEM 

equipment. Surface properties are analysed by Confocal Microscopy (CM) 

(LEICA DCM 3D dual model). CM provides a convenient means of acquiring 3D 

images of an object. The Leica DCM 3D dual system is used to measure the 

surface topography and calculate the surface roughness parameters. Images are 

taken with a confocal objective with a magnification of 10x and a numerical 

aperture (NA) of 0.50. 

5.2.5. Microbial community analysis 

Genomic DNA is extracted for the carbon felt electrode at different sampling 

points (E1-E6) in MEC-2 with the PowerSoil® DNA Isolation Kit (MoBio 

Laboratories Inc., Carlsbad, CA, USA), following the manufacturer’s instructions. 

The entire DNA extract is used for the pyrosequencing of eubacteria 16S-rRNA 

gene based massive library. The primer set used was 27Fmod (5`-

AGRGTTTGATCMTGGCTCAG-3`) /519R modBio (5`-

GTNTTACNGCGGCKGCTG-3`) (Hassan et al., 2018). The PCR conditions are 

described in S2, supplementary information. The obtained DNA reads are 

compiled in FASTq files for further bioinformatics processing. The following steps 

are performed using QIIME: Denoising, using a Denoiser (Chen et al., 2010). 

OTUs are then taxonomically classified using the Ribosomal Database Project 

(RDP) Bayesian Classifier (http://rdp.cme.msu.edu) and compiled into each 

taxonomic level with a bootstrap cutoff value of 80% (Cole et al., 2009). Raw 

pyrosequencing data obtained from this analysis are deposited in the Sequence 

Read Archive (SRA) of the National Center for Biotechnology Information (NCBI).  

http://rdp.cme.msu.edu/
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Microbial richness estimators (Sobs and Chao1) and diversity index estimator 

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

software, version 1.35.1 at 3% distance level.  

The quantitative analysis of Eubacteria population was analysed by means of 

quantitative-PCR reaction (qPCR) using PowerUp SYBR Green Master Mix 

(Applied Biosystems) in a StepOne plus Real Time PCR System (Applied 

Biosstems). The primer set was 314F qPCR (5′-CCTACGGGAGGCAGCAG-3) 

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

5.3. RESULTS AND DISCUSSION 

5.3.1. MEC performance 

Approximately 25 days after the inoculation (day 0), current density average 

values stabilized at 0.05 A·m-2 (ampere per square meter of projected area of 

anode) (Figure 5.3). Current density profiles in both reactors followed similar 

trends showing a good replicability (Figure 5.3). During phase P1, the current 

increased steadily with the number of batch cycles and stabilized during P2 at 

~1.75 A m-2.  

Increasing the nitrogen content in the feed during P2 allowed the maximum 

ammonium transport rate through the membrane to increase from 5.9 gN·d−1·m−2 

during P1, to 15.3 gN·d−1·m−2 in P which is in accordance with the results 

obtained in previous works (Cerrillo et al., 2016). Ammonium concentration in the 

influent and effluent streams of the MEC anode and ammonium removal 

efficiency are shown in Figure 5.4. H2 production (Figure 5.3) evolved along with 

current production (this is especially noticeable during P1) achieving a maximum 

production rate of 0.2 LH2·L-1reactor·d-1 which is significantly lower than the 0.9 

LH2·L-1reactor·d-1 obtained by Wagner et al. (Wagner et al., 2009) using a similar 

substrate in a lab-scale (28 mL) MEC. However, the presence of the membrane 

in our reactor allowed to produce hydrogen with a purity always higher than 98 % 

(which compares with the 77% purity reported in the referred work), with cathodic 

efficiencies of 84 ± 7 and 78 ± 16 % during P1 and P2, respectively. The 

coulombic efficiencies were relatively low (in the range between 7% and 9%) as 

expected from a complex substrate (Pandey et al., 2016). These results showed 
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that despite the changes in feeding pattern, the performance of both MECs was 

replicable and stable during the whole operational period.   
 

Figure 5.3. Operation of MEC-1 and MEC-2 with profiles for (A) current density, (B) 
nitrogen recovery rate and (C) hydrogen production rate.  
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Figure 5.4. Ammonium concentration in the influent and effluent streams of the MEC 
anode and ammonium removal efficiency. 

5.3.2. Microbial community structure 

The development and spatial distribution of microbial communities present on the 

anodic biofilm (points E1-E6 in Figure 5.2A) is studied by locally assessing biofilm 

richness, diversity and microbial community composition. 

5.3.2.1. Assessing the anodic biofilm richness and diversity 

Total DNA is extracted from the carbon felt anode at the different sampling points 

marked in Figure 5.2A to study the microbial community composition attached 

onto the anode electrode at the end of the experiment. Between 43344 and 64444 

effective sequences in the six samples (E1-E6) are obtained. Each sample is 

rarefied to the lowest number of sequences, with coverage values ranging from 

98.3% to 99.1%, and so they are a good representation of all the diversity that 

exists in the samples.  

The similarity in the Shannon indexes as shown in Table 5.2 reveals the absence 

of big differences in biofilm diversity along the anode surface. In contrast, the 

richness and the number of sequences prove to be highly dependent on the 

sampling points, and the differences found seem to be related to the fluid velocity 

(Figure 5.2B). Indeed, the lowest number of sequences are found in E1 and E6 

(Table 5.2), where fluid velocity and thus shear stress is more pronounced. More 

moderate velocities in E2 and E4 seem to favor biofilm development, while those 

areas where fluid velocity gets too low and substrate diffusion might be hampered 

(E3 and E5), score lower number of sequences.  
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Table 5.2. No. of sequences and OTUs, estimated richness (Chao1), diversity index 
(Shannon) and sample coverage values for eubacterial operational taxonomic units 
(OTUs). 

Samples Nº seqs sobs 
OTUS 

Chao1 
(mean) 

Shannon 
(mean) Coverage (%) 

E1 43,3 2065 2829 5.3 98.3 
E2 61,2 2154 3080 4.9 98.7 
E3 53,2 1961 2445 5.4 98.9 
E4 64,4 2231 2598 5.5 99.1 
E5 55,2 1954 2455 5.4 99.0 
E6 49,2 1768 2122 5.3 99.0 

 
Regarding the richness indexes, the lowest values are found next to the outlet 

point (E6), while both the flow inlet (E1) and the quadrant above (E2 and E4) 

show a greater number of different species, probably due to the input of the pig 

slurry loads with a high amount of microorganisms. Again, those areas where the 

circulation of the anolyte became limited (E3 and E5) show relatively low 

richness, most likely as a result of the low mass transport rates in those areas.  

The microbial community is also quantified by means of qPCR to corroborate the 

density of the biofilm at different anode positions. These results confirm that fluid 

dynamics affect the abundance of eubacteria populations and therefore biomass 

as described above. The highest amount of 16S rRNA genes are found in E2 (8.2 

x 105 gene copy number gdw-1 anode) and E4 (1.3 x 105 gene copy number gdw-1 

anode). However, the gene abundance in E3 (9.6 x 104 gene copy number gdw-1 

anode) and E5 (7.8 x 104 gene copy number gdw-1 anode) is lower than those 

shown in E2 and E4. The sample taken from the points near to the effluent section 

(E6) show the lowest gene abundance (4.3 x104 gene copy number gdw-1 anode), 

which coincides with the low number of sequences found here. These results are 

in agreement with other works (Vilajeliu-Pons et al., 2016) where the 16S rRNA 

gene abundance gets reduced when the flow velocity is higher, and therefore the 

effect of the fluid velocity and shearing over the bacteria abundance in electrode 

biofilms is demonstrated.  

5.3.2.2. Assessment of microbial populations stratification  

The abundance of eubacteria community at phylum level (Table 5.3), shows that 

the two predominant phylum are Firmicutes and Bacteroidetes while 

Proteobacteria– being well known for playing an important role in extracellular 
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electron transfer (EET) (Ishii et al., 2012) – is present at a relatively lower 

abundance which is in agreement with (Vilajeliu-Pons et al., 2016). Members of 

Firmicutes are also able to produce electricity in the anode of BES (Wrighton et 

al., 2008) and have been commonly detected in reactors treating pig slurry. These 

results show that there are no major differences in composition or abundances of 

the microbial community at the different sampling points at phylum level. 

Notwithstanding, a distinct variation in the relative abundance at family level is 

clearly observed between electrode samples at different electrode points.   

Table 5.3. Changes in relative abundance (%) of the bacteria phyla. 

 E1 E2 E3 E4 E5 E6 
Firmicutes 52.9 54 55.2 55.6 56.6 56.4 
Bacteroidetes 26.7 27.8 24.9 23.2 20.8 25.9 
Chloroflexi 6.7 6.6 5.1 4.9 4.7 3.0 
Synergistetes 1.9 1.3 4.1 4.7 6.1 6.3 
Spirochaetes 3.0 2.9 4.0 4.0 5.2 2.5 
Proteobacteria 2.8 2.1 1.6 1.7 2.1 1.9 
Tenericutes 2.1 1.8 1.5 1.5 1.1 0 
Verrucomicrobia 1.4 0 0 1.4 0 0 
Actinobacteria 0 0 1.0 0 0 0 
Lentisphaerae 0 1.0 0 0 0 0 
Others 2.5 2.5 2.7 3.0 3.3 3.9 

 

The Clostridiaceae, Porphyromonadaceae, Eubacteriaceae and 

Anaerolineaceae families decrease in abundance from the top to the bottom of 

the electrode (Figure 5.5). In contrast, Ruminococcaceae, Erysipelotrichaceae 

and Synergistacea) increase in abundance towards the lower parts of the 

electrode. The microbial community composition remained fairly stable in all 

samples, except for four families (Peptoniphilaceae, Enterococcaceae, 

Carnobacteriaceae and Acholeplasmataceae) which represent low abundances 

that are only identified in E1 and E2 sampling points. 

 

Therefore, these results suggest that there is a vertical stratification of certain 

microbial populations respective of their position in the electrode. This can be 

more clearly observed in Figure 5.6, which represents three clusters that coincide 

with three heights in the electrode: E1-E2 at the top, E3-E4 at the middle and E5-

E6 at the bottom). Figure 5.6 also gives us an overview of the main genera 
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identified in all samples at the end of the experiments: members of Acetivibrio, 

Clostridium, Proteiniphylum, Ruminococcus, Eubacterium, Anaerofilum, 

Synergistetes, Bacteroides, Enterococcus and Bellilinea are the most 

representative in abundances above 7%. These genera belong to the families 

that make the differences between the three clusters. Additionally, it can be stated 

that electroactive bacteria, belonging mainly to Proteobacteria and Firmicutes 

Phyla (Pseudomonas, Sporomusa, Corynebacterium, Geobacter, Streptococcus, 

Bacillus, Desulfovibrio and Acinetobacter), are present in lower abundances in all 

of our samples regardless of the position.  

The best part of Firmicutes is Clostridium sp., becoming the most abundant genus 

in our reactor (21%). Contrary, Geobacter sp. is in a low abundance (less than 

1%). Geobacter has previously been described as having competitive 

disadvantages relative to Clostridium (Miceli et al., 2012). Anyway, despite the 

competition of certain microorganisms, the presence of electroactive bacteria in 

all positions together with specific bacteria from complex substrates makes a 

stable biofilm which is a key factor in maintaining the performance in a long-term 

operation. 

 
Figure 5.5. Taxonomic assignment of illumina data from eubacterial communities at 
different sampling points at family level. Groups accounting for less than 1% of the total 
number of sequences per sample are classified as “others”. 
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Figure 5.6. Heat map of the main dominate classified genera. 
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5.3.3. Assessment of membrane ageing 

Membrane deterioration is evaluated based on results from ion exchange 

capacity (IEC), a parameter that represents the number of fixed charges inside 

the membrane per unit weight of dry polymer. IEC has a definite  impact on cell 

performance as it  is intimately related to membrane electrical resistance: low IEC 

values usually translate into high electrical resistances and vice versa  (Namdari, 

Kikhavani and Ashrafizadeh, 2017). In our reactors, IEC undergoes the highest 

deterioration (~22 % decrease) in samples M1 and M6 which are located at the 

inlet and outlet respectively, while the lowest deterioration is found in M7 (9%) 

(Table 5.4). In the rest of membrane samples (M2, M3, M4, and M5) IEC 

decreased by about 15%.   
 
Table 5.4. IEC values and topography parameters: IEC (Ion Exchange Capacity), Ssk 
(Surface Skewness) and Sku (Surface Kurtosis) 
 

Membrane  IEC 
(meq/g) 

Ssk (-) Sku (-) 

Blank 1.60 -1.22 63.66 
M1 1.27 1.57 16.80 
M2 1.39 1.56 17.47 
M3 1.36 1.77 27.21 
M4 1.37 4.08 43.05 
M5 1.35 4.56 62.85 
M6 1.23 1.49 22.77 
M7 1.45 1.71 26.84 
M8 1.34 2.05 25.16 

 

This IEC deterioration can be attributed to either a modification of the internal 

structure of the membrane, to surface (bio-)fouling phenomena or both. The 

following sections are devoted to understanding to which extent they explain the 

observed loos in IEC. 

5.3.3.1.  Assessment of membrane structural deterioration  

Internal membrane deterioration was assessed by means of themogravimetric 

analysis (TGA). Any decay in the properties of the membrane can be explained 

by either a degradation of the structure of the membrane (polymer matrix) or of 

the sulfonic (–SO3H) groups (Ghalloussi et al., 2013), that play a determining role 
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in cation exchange, or both. As shown in Figure 5.7, the membrane presented 

five significant thermal degradation zones. The first zone (I) (below 100 °C) was 

attributed to the evaporation of water (thermal desolvation). The second 

significant zone (II), occurring within an inflection temperature ranges between 

150°C and 170 °C, was assigned to the loss of water molecules absorbed by –

SO3H groups or adsorbed by the hydrogen-bonded to the membrane. The third 

zone (III), between 300°C and 400 °C, corresponded to the loss of –SO3H groups 

(thermal desulfonation) (Klaysom et al., 2011). The fourth zone (IV), between 

400°C and 490°C, was attributed to the decomposition of the perfluoroether 

chains of the membrane (Wang et al., 2002). Finally, the fifth zone (V), above 500 

°C, was assigned to the degradation of residual solvent from the manufacturing 

process. 

 

Figure 5.7. DTGA profiles of the different points of the membrane (this figure compares 
the thermal stability of the used membranes with respect to a blank membrane). Five 
significant zones are highlighted with Roman numerals: Zone I, evaporation of water; 
Zone II, loss of water molecules absorbed or adsorbed; Zone III, loss of –SO3H groups; 
Zone IV, decomposition of the perfluoroether chains; Zone V, degradation of the main 
chain. 
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TGA derivative (DTGA) profiles in Figure 5.7 show a clear divergence between 

the blank membrane (virgin membrane) and the used one. This deviation 

becomes more apparent in samples M1, M2 and M7, where the peaks attributed 

to the thermooxidation of the polymer chain increase and get displaced towards 

low temperatures. Moreover, the peak attributed to the loss of –SO3H was more 

prominent there. Interestingly, these three samples belong to the top of the 

reactor, an area that could be affected by an inadequate humidification or lack of 

water at particular times that makes the membrane more brittle and fragile (Collier 

et al., 2006). The rest of the membrane samples also presented some signs of 

degradation, but they were less apparent. 

 

5.3.3.2. Assessment of membrane surface modifications 

Membrane biofouling represents an important issue in two-chambered 

configurations as a biomass layer can block the membrane pores, acting as a 

barrier to charges transport. SEM images revealed a strong attachment of 

microorganisms forming a biofilm embedded in the polymeric matrix on the 

anodic side of the membrane (Figure 5.8), and there appeared to be a certain 

correlation between membrane biofilm and anodic biofilm. Indeed, those regions 

of the membrane where the biofilm appeared to be broadly spread (M1 and M6 

in Figure 5.8), corresponded to those anode samples which scored a lower 

number of sequences (E1 and E6, table 5.2). Conversely, membrane biofilm 

seems to be less dense in M5, where anodic biofilm was more developed (E5 in 

table 5.2). These results suggest that where shear stress was hampering the 

development of an anodic biofilm (as a result of larger fluid velocity), the diffusion 

of the substrate to the membrane became facilitated, thus promoting biofilm 

formation in the membrane and vice versa. Low substrate contribution resulting 

from lower fluid velocity (Figure 5.2B) could also explain the low biofilm formation 

in samples M7 and M8.   
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Figure 5.8. SEM images from different sample points from the membrane. 

A more quantitative estimation of membrane surface modifications can be 

obtained by means of CM (Figure 5.9). This technique allows to quantify 

membrane topographic characteristics form the information provided by two 

parameters: surface skewness (Ssk) that represents the degree of symmetry of 

the surface heights about the mean plane, and surface kurtosis (Sku), which is 

equivalent to the peak density of the profile (Stawikowska and Livingston, 2013). 

In general, more negative values of Ssk confirms the existence of a porous 

structure, while more positive correspond to a more even surface. Similarly, large 

values of Sku represent that protuberances on the surface have similar sizes. 

The general trend for Sku and Ssk (Table 5.4) indicated that surface roughness 

wanes with the use, leading to a topography with relatively more peaks and less 

valleys, probably due to the biofouling of the holes. This became more apparent 

in samples M1, M2 and M6 which coincided with those areas where the biofilm 

appeared to be more spread as shown by SEM (Figure 5.8). Importantly, it was 

precisely in those samples (specially in M1 and M6) where IEC suffers a greater 
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decay, which reveals a certain correlation between membrane biofouling and loss 

in membrane conductivity. 

 

 

 

Figure 5.9 Images obtained with CM at different membranes positions, a) M2, b) M7 and 
c) M8 sample points.  

In addition to the biofouling observed on the anolyte side, the catholyte side of 

the membrane also presented visible signs of deterioration as a uniform layer of 

salt precipitations. EDX analysis showed that there are two types of precipitations 

(Figure 5.10), one that was composed of oxygen, phosphorus and calcium 
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(calcium orthophosphate), and another type that was composed of oxygen, 

phosphorus and magnesium (magnesium orthophosphate) that can be blocking 

charges transfer.   

 

 

Figure 5.10. EDX analysis shows that there are two types of precipitations: calcium 
orthophosphate (A) and magnesium orthophosphate (B). At the top SEM images are 
shown and in the middle EDX results give us the composition of the precipitates, which 
are represented (as weight and atomic percentage) at the bottom. 

The presence of these precipitates can be explained by the fact that most of the 

charge transport occurring through the CEM can be attributed to cations such as  

K+, Na+, Ca2+, Mg2+ and NH4+ rather than H+ (Bakonyi et al., 2018) (Harnisch et 

al., 2009), that together with the phosphate from the buffer solution, precipitated 

on the cathode side of membrane. Moreover, this phenomenon can be also 

favored by the pH-splitting (between anode and cathode) induced by the 

membrane, which tends to alkalinized the catholyte (Oliot et al., 2016), leading to 
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local pH values slightly higher than 9 and thus promoting the formation of the 

precipitates (despite a buffer solution was used as catholyte). 

5.4. CHALLENGES AND FUTURE PERSPECTIVES 

The application scopes of MECs needs to be further expanded to make the most 

of this versatile technology (Zhang and Angelidaki, 2014). Combining nutrients 

recovery with hydrogen production in MECs  can help not only to offset the energy 

usage during organic wastes treatment (Zhang, Li and He, 2014), but also to 

make MECs a more economically competitive and environmentally sound 

technology. In this paper we have tried to shed some light on how two key 

elements of MECs (the membrane and the anodic biofilm) behave during long 

term operation (>100 days) at pilot scale. Although membranes are not strictly 

necessary to produce hydrogen in MECs (Escapa et al., 2016), they become an 

essential component in applications such as that examined in the present study. 

Our results suggest that despite the significant signs of ageing of the membrane, 

there was no visible deterioration in the performance of the reactor.  Importantly, 

the membrane used in this research is designed to be used in conventional 

electrochemical systems. Thus, a decrease in the ion exchange capacity of 22% 

(as reported in this paper) may not be that critical in MECs as it is in other 

electrochemical devices, where the current densities can be several orders of 

magnitude above those usually found in bioelectrochemical systems. This 

observation may open the door for the development of more affordable 

membranes in which the electrochemical performance requirements are less 

demanding. In this regard, some suggestions have been put forward in a recent 

excellent review by Bakonyi et al. (2018), showing that there is still a way to go 

through new designs and development such as, for example, modifying the 

composition and structure of the polymer. 

The electrogenic biofilm that “catalyses” the anodic reaction represents another 

key element in MECs. During the scale-up process, as the dimensions of the 

anodes increase, the occurrence of heterogeneities within the biofilm becomes 

more likely, (as shown in this work), which can lead to bioanodes operating below 

optimal conditions in terms of current density. Using current collectors to make 

the anodic potential more homogeneous (Escapa et al., 2015), controlling anode 
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potential and/or substrate loading during the start-up (Ichihashi, Vishnivetskaya 

and Borole, 2014b; Lewis and Borole, 2017), or modifying the biofilm–electrode 

interfaces (Alonso et al., 2017), can be seen as suitable strategies to favour the 

development of a more homogenous biofilm. 

Finally, the use of waste streams with high solids content represents another 

important challenge when scaling-up MECs. While pig slurry may a priori seem 

an unsuitable substrate, our results confirm that MECs can open up new 

perspectives for the valorization of this waste (Wagner et al., 2009)(Sotres et al., 

2015).Thus, and due to the large amounts of pig slurry produced globally each 

year (Oenema, 2012), MECs would allow to recover ~1.5·106 tons of NH3 and 

101,000 tons of H2  per year and help to curb the energy usage in the fertilizers 

industry (San-Martín, 2018) .  

5.5. CONCLUSIONS 

Two double-chambered MECs are fed with pig slurry in fed-batch mode for 103 

days to assess both membrane deterioration and the development of microbial 

anodic communities. Regarding the later, there seems to be a vertical 

stratification of certain microbial populations. Results also confirm the mutualistic 

relationship between fermentative and electroactive bacteria in a MEC fed with a 

fermentable substrate and the importance of this relationship on stable MEC 

performance. Regarding the membrane, ion exchange capacity (a parameter 

intimately related to electrical resistance) seemed to be more affected by surface 

modifications than by internal structure (polymeric and sulphonic groups) 

degradation. The production of hydrogen and ammonia recuperation make this 

process a claim for circular economy. 
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ABSTRACT 

This study aims to characterize the performance of a 150 L bioelectrochemical 

system-based plant, during the simultaneous carbon and nitrogen removal from 

several waste streams of wastewater treatment plants. The bioelectrochemical 

system (BES) contained five electrode pairs (operated hydraulically and 

electrically in parallel) and was fed with either wastewater, centrate (nutrient-rich 

liquid stream produced during the dewatering of digested biomass), or a mixture 

of both over 63 days, with a hydraulic retention time of one day. Total Organic 

Carbon (TOC) and Total Nitrogen (TN) removal rates averaged 80% and 70%, 

respectively, with a specific energy consumption of 0.18 kWh·m-3 (BES + ancillary 

equipment). This work also underlines the challenges of using BES for nitrogen 

removal, highlighting the limitations of the current design, and suggesting some 

strategies for improvement.  

6.1. INTRODUCTION 

The presence of nitrogen in wastewater (WW) has for years been a source of 

health and environmental issues (Katal et al., 2012) (Mercer et al., 1970). For 

urban WW (uWW) in particular, nitrogen is usually present as organic 

nitrogen, ammonium, and nitrates (Sedlak, 1991), and it is conventionally 

removed by a two-step process that involves autotrophic aerobic oxidation of 

ammonia (nitrification), and heterotrophic reduction of nitrate and nitrite to 

nitrogen gas (denitrification) (Zhu et al., 2008).  

The uWW entering a WW treatment facility, which represents the main source of 

nitrogen for the water line, usually contains a low concentration of nitrogen that 

is typically around 45 mg·L-1 (Metcalf and Eddy, 2003). Another important source 

of nitrogen comes from the sludge centrifugation (after anaerobic digestion) 

which produces a liquid stream, known as centrate (Li et al., 2011), that is usually 

returned to the head of the water line. Nitrogen content in centrates can exceed 

1300 mg·L-1 (total Kjedahl nitrogen) (Holloway et al., 2007) and may account for 

15–20% of the nitrogen entering the plant (Fux et al., 2002). Its removal demands 

extra power input and the implementation of larger treatment tanks in the water 

line (Qin et al., 2017), all of which have a significant impact on the economic 
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balance of the plant. Moreover, as pollutants in the centrate get diluted when 

entering the uWW, their elimination becomes more difficult. Thus, developing 

new strategies for treating centrates without their being returned to the water line 

may represent an important source of monetary and energy savings for the plant. 

Bioelectrochemical systems (BESs), are an emerging technology with a wide 

range of potential applications in the field of WW treatment (Rabaey and 

Verstraete, 2005). One of their main benefits, compared to more conventional 

technologies, is that they allow the recovery of part of the chemical energy 

content present in the WW, while removing organic pollutants. BESs can also be 

used for removing inorganic contaminants such as nitrogen (Clauwaert et al., 

2007), and when designed for simultaneous carbon and nitrogen removal they 

have the potential to become an effective and efficient WW treatment technology 

(Clauwaert et al., 2009) (Virdis et al., 2010). Thus, several strategies for 

simultaneous carbon and nitrogen removal from different waste streams using 

BESs have already been put forward, and have been validated at the laboratory 

scale (Ryu et al., 2013) (Mook et al., 2012). These experiments have provided 

valuable information for determining the optimal operating conditions such as pH 

and temperature ranges, Chemical Oxygen Demand (COD)/N ratio or materials 

(Sun et al., 2016). However, larger-scale experiments are vital for evaluating how 

laboratory designs can be implemented at a practical scale, to identify where the 

limitations are, and to assess the chances of practical applicability (Brown et al., 

2014).  

The aim of this study is to obtain a preliminary characterization of the operation 

of a 150 L BES-based pilot plant (Figure 6.1) for simultaneous carbon and 

nitrogen removal from two waste effluents: uWW and centrate. The BES unit 

consist of five independent modules hydraulically and electrically connected in 

parallel. The fresh waste effluent is first fed to anode side of each module for 

organic matter oxidation. Then it is conducted to a packed-bed column reactor to 

convert ammonia into nitrate. Finally, the effluent of the column is led to the 

cathode side of each module for denitrification. The plant was operated in 

continuous mode for 63 days, and this paper presents results for TOC and TN 

removal rates, as well as energy usage/recovery. It also highlights the main 

limitations of the current design and advances some strategies for improvement. 
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The BES was designed within a framework of easy-to-manufacture, easy-to-

maintain considerations to improve its scalability and its practical applicability. 

Although the whole set-up was initially planned to operate with centrate as the 

feed, the results show that it can also work with urban wastewater, which 

highlights its flexibility to operate both in the water line or in the sludge line in a 

WWTP. 

6.2. MATERIALS AND METHODS 

6.2.1. BES and nitrification reactors design 

The BES reactor consisted of a polypropylene tank (0.7 m x 0.32 m x 1.2 m) with 

a working liquid volume of 150 L (Figure 6.1). It contained five electrode pairs that 

were mounted on polypropylene frames, and were hydraulically and electrically 

operated in parallel. The anodes and cathodes were made of 5 mm-thick graphite 

felt (Sigratherm®, Germany), with a projected area of 0.47 m2 per electrode (0.98 

m x 0.48 m) and were pretreated according to (Dhar et al., 2013). Each anode 

and cathode were separated by an anion exchange membrane, AMI-7001 CR 

(Membranes International INC., USA), and the electrodes were connected to the 

external electrical circuit through stainless steel current collectors. Thus, the 

reactor was divided into six chambers (three anode chambers and three cathode 

chambers) with a volume of 30 L each, except for the two outer chambers which 

have half that volume. Every chamber was fitted with a recirculation loop and a 

pump to maintain mixing conditions.  

Nitrification was carried out in an external PVC, tubular, fixed-bed reactor (0.25 

m in diameter and 1.7 m in height) which was filled with plastic rings (4 cm in 

diameter) to provide a high surface area. A peristaltic pump was used to 

continuously recirculate the effluent.  
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Figure 6.1. Photograph of the reactor in situ in the Natural Resources Institute of León 
(Spain). 

6.2.2. Reactor inoculation and start-up 

During the inoculation and start-up process, the BES reactor was operated as an 

MEC by applying 1 V between the anode and cathode. The anode was inoculated 

with WW collected from the aerobic zone of an activated sludge reactor (WWTP, 

north-west of Spain) and was supplemented with 0.5 g·L-1 of acetate. The 

cathode was inoculated with WW collected from the denitrification zone, and was 

supplemented with 50 mg N-NO3·L-1. Finally, the inoculum for the nitrification 

reactor consisted of WW collected from the nitrification zone, and was 

supplemented with 100 mg N-NH4·L-1. The anode and cathode chambers were 

filled simultaneously to avoid differential pressures that may damage the 

membrane. The start-up process was completed in nine days. 

6.2.3. Operating conditions  

The reactor was initially operated in MFC mode by connecting electrical 

resistances between the anode and the cathode. Voltage across resistances was 
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measured continuously, and current was determined using Ohm´s law. The 

ohmic values of the external resistances were determined according to the results 

of polarization tests (that were performed daily) to maximize the power output.  

When the BES was operated in MEC mode the resistances were removed and a 

voltage of 1 V was applied between anode and cathode by means of power 

supplies that were computer controlled using a PCI-6713 analog output board 

(National Instruments, Texas). The current was measured and recorded every 10 

minutes across a 16 Ω fixed resistor, using a data acquisition system.  

Raw wastewater was pumped from the feed tank (maintained at 4 ºC) to the 

anode chambers by C1R peristaltic pumps (Dosiper, Spain). Identical pumps 

were used to drive the water from the column to the cathode chambers. The BES 

and nitrification reactors were operated at room temperature. Wastewater was 

recirculated by DC15/5 centrifugal pumps (Xylem, UK) in the anode and cathode 

chambers, and with NLAV peristaltic pumps (Dosiper, Spain) in the external 

tubular fixed bed (Figure 6.2). Hydraulic retention in the BES was fixed at one 

day. 

The pilot plant was meant to be operated and evaluated within the facilities of the 

WWTP. However, due to project constraints, this was not possible, and the pilot 

plant performance was evaluated within the facilities of the authors’ laboratory. 

Therefore, WW and centrate samples were received regularly from the WWTP, 

and were stored at 4 ºC for less than 10 days. 

Following the start-up period, the BES was operated as an MFC. Since no 

significant current was produced, the BES was switched to MEC mode for a 

period of 63 days that was further subdivided into three stages. During the first 

stage, which lasted for 39 days, the plant was fed with uWW. During the second 

stage, which lasted for 20 days, the plant was fed with a mixture of uWW and 

centrate. The proportion of the latter was gradually increased to favor microbial 

acclimation to the new feeding conditions. During the third stage, the influent 

consisted only of centrate. 
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Figure 6. 2. Schematic diagram of the pilot-scale BES set up. Each anodic and cathodic 
chamber was provided with a recirculation pump (only two of them are represented for 
simplicity). On the right are shown 5 electrode pairs that are mounted on polypropylene 
frame inside of a polypropylene tank. 

The received samples of raw wastewater (collected from the primary treatment) 

and centrate had Total Organic Carbon (TOC) concentrations around 90 ± 30 

and 180 ± 50 mg·L-1, respectively, and Total Nitrogen (TN) concentrations of 40 

± 25 mg·L-1 in the WW, and 1460 ± 80 mg·L-1 in the centrate. The pH was 7.8 ± 

0.3, for both WW and centrate, and conductivity was 0.8 ± 0.1 mS·cm-1 in the 

WW and 10 ± 0.7 mS·cm-1 in the centrate. 

6.2.4. Analytical methods and calculations 

Liquid samples were taken daily after inoculation. Samples were taken from the 

influent and effluent of the anode, cathode, and tubular fixed bed. TOC and TN 

were measured (duplicate samples) using a TOC multi N/C 3100 (Analytikjena, 

Germany). Ammonium, nitrites, and nitrates were measured according to the 

Standard Methods (Federation and Association, 2005) using an ion-selective 

electrode NH3 781 pH/Ion meter (Metrohm, Switzerland) and a DU640 

spectrophotometer (Beckman, USA), respectively. The pH, conductivity, and 

dissolved oxygen were measured using a GLP 21 pH meter (Crison Instruments, 
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Spain), a TetraCon 325 conductivity meter (WTW, Germany) and a HQ40d 

dissolved oxygen meter (Hach Company, USA), respectively. Gas production in 

the MEC was measured using an MGC-1 PMMA Milligascounter (Ritter, 

Germany), and the gas composition was determined using a CP 3800 GC gas 

chromatograph (Varian, USA) where the carrier gas was argon. 

Coulumbic efficiency was calculated according to eq. 1 as: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝑒𝑒 =  
∫ 𝐼𝐼 𝑑𝑑𝑑𝑑𝑡𝑡
0

(𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 −  𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑡𝑡)/𝑀𝑀 ∙ 𝑄𝑄 ∙ 𝑒𝑒 ∙ 𝐹𝐹
                         (1) 

Where CODin and CODout are the COD concentration of BES influent and effluent, 

respectively, I is the circulating electrical current (A), M is the weight of 1 mol of 

COD (32 g·mol-1), Q is the influent flow rate (L·d-1), e is the number of mol of 

electrons exchanged per mol of COD equivalent consumed (4 mol·mol-1), and F 

is the Faraday constant (96,485 C·mol-1).  TOC was converted to COD as COD 

= 49.2 + 3.00∙TOC according to Dubber and Gray (Dubber and Gray, 2010). 

Cathodic efficiency was calculated according to eq. 2 as: 

𝐶𝐶𝐶𝐶𝑑𝑑ℎ𝐶𝐶𝑑𝑑𝐶𝐶𝐶𝐶 𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝐶𝐶𝑒𝑒 =  
(𝑁𝑁𝐶𝐶3−𝑖𝑖𝑖𝑖 − 𝑁𝑁𝐶𝐶3−𝑜𝑜𝑜𝑜𝑡𝑡 )/𝑀𝑀 ∙ 𝑄𝑄 ∙ 𝑒𝑒 ∙ 𝐹𝐹

∫ 𝐼𝐼 𝑑𝑑𝑑𝑑𝑡𝑡
0

                (2) 

Where NO3-in and NO3-out are the nitrate concentration of BES influent and 

effluent, respectively, M is the weight of 1 mol of nitrate (62 g·mol-1) and e is the 

number of mol of electrons exchanged per mol of nitrate consumed (5 mol·mol-

1).  

Specific energy consumption of a pump (ECPump, kWh·m-3) was calculated 

according to eq. 3 as: 

𝐸𝐸𝐶𝐶𝑃𝑃𝑜𝑜𝑃𝑃𝑃𝑃 =  
𝑣𝑣𝑣𝑣𝑟𝑟2 · �𝜌𝜌𝜌𝜌ℎ + 𝜌𝜌𝑣𝑣

2

2 �

1000 · 𝜂𝜂
·

1
𝑄𝑄

                                            (3) 

where v (m·s−1) is the water velocity, r (m) is the radio of the tube, ρ (kg·m-3) is 

the water density, g (m·s-2) is the gravitational acceleration, η (%) is the efficiency 

of the pump (we assumed 70% for centrifugal pumps and 100% for peristaltic 

pumps) and Q (m3·h-1) is the water flow rate. 
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6.3. RESULTS AND DICUSSION 

After inoculation, and once the current stabilized in all the five modules, the 

reactor was operated in MFC mode for 10 days to explore the possibility of 

electrical energy recovery, while removing nitrogen and carbon. Polarization tests 

were performed daily, yielding power densities lower than 0.06 mW·m-2 of the 

electrode projected surface area (Figure 6.3), well below the power densities 

reported in other studies performed at the laboratory scale using similar MFC 

configurations (Rabaey et al., 2003) (Park and Zeikus, 2003). Moreover, TOC 

and TN removal efficiencies were below 40%, all of which led to the abandonment 

of the idea of operating the reactor as an MFC. Thus, taking advantage of the 

reversibility of bioelectrochemical systems, the reactor was switched to MEC 

operation mode (by applying a voltage of 1 V to every module) to “force” the 

circulation of current, and therefore speed up the rates of carbon and nitrogen 

removal. As a result, current density almost immediately increased from ~0.001 

A·m-2 in MFC mode to ~0.200 A·m-2 in MEC mode. 

The reactor performance was monitored for a period of 63 days that was further 

subdivided into three stages (each characterized by the effluent fed to the plant) 

as described in the M&M section. 

 



 

97 
 

    CHAPTER 6 
 

 

Figure 6.3. Polarization curve and B) power density versus current density for the five 
different electrode pairs (C1, C2, C3, C4, and C5) during operation of the reactor in MFC 
mode. 

6.3.1. TOC removal 

During the first stage, when the plant was fed with primary treatment effluent, 

TOC removal in the anode chamber achieved almost 100% efficiency for most of 

the time except for the first 10 days, where it averaged 40% (Figure 6.4A). This 

poorer performance is attributed to the adaptation of microbial communities 

during the transition from MFC to MEC operation mode. It is also important to 

note that, despite the high variability of TOC concentrations in the entering WW 

(between 50 to 150 mg·L-1), the effluent TOC was almost constant, which 

highlights the flexibility of the plant to absorb changes in the characteristics of the 

effluent, at least when dealing with uWW 
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Figure 6.4.  A) TOC and B) TN concentration (mg·L-1) in the MEC influent and effluent, 
and A) TOC and B) TN removal efficiency. Three stages are differentiated for the feed 
(stage I: WW, stage II: WW + centrate, stage III: centrate). 

During the second stage, the centrate concentration in the feed was gradually 

increased (Figure 6.4A). It is striking that, despite using a higher strength effluent, 
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the TOC entering the BES did not rise accordingly. This is explained by the 

variability of the WW and centrate samples received from the plant, which 

depended greatly on the time of day when they were collected, as well as the 

weather conditions. Despite the TOC concentration of the feed being similar to 

that used in the first stage, the TOC of the effluent increased, reaching up to 50 

mg·L-1. This translated into a sharp decline in the TOC removal efficiency, which 

occasionally descended below 40%, most probably as a result of the lower 

biodegradability of the centrate (Dohányos et al., 2000).  

The third stage, in which the plant was fed solely with centrate, lasted for only 

five days due to project constraints and difficulties regarding the logistics of the 

samples. TOC concentration in the feed was ~200 mg·L-1, falling slightly below 

100 mg·L-1 in the outlet, which resulted in a 50% removal efficiency. Although it 

is difficult to draw conclusions from the limited number of results in stage III, it 

seems that the removal rate tended to stabilize (Figure 6.4A).   

Finally, it is important to remark that the aerobic treatment in the column also 

contributed some organic matter removal, which amounted to less than 10% of 

TOC removal for all three stages. Thus total TOC removal in the whole systems 

(BES + column) was slightly higher than the values provided in Figure 6.4. TOC 

did not suffer any significant modification during the cathodic treatment (±2 mg 

TOC variation throughout the three stages).  

6.3.2. Nitrogen removal 

During the first stage, the TN concentration in the feeding water was below 100 

mg·L-1, as expected from urban wastewater samples (Metcalf and Eddy, 2003). 

As with the TOC, TN removal was relatively low during the first 10 days of 

operation (averaging 48%), which was again attributed to the need of the 

microorganisms to adapt to the new operating conditions. Following this 

adaptation period, the TN concentration in the effluent dropped sharply, thus 

improving nitrogen removal efficiency, which averaged 70% (Figure 6.4B). 

However, a high variability was still observed throughout the entire duration of 

experiment, which contrasted with the much more stable removal rates for TOC 

(Figure 6.4). One possible explanation lies in the fact that nitrogen must go 

through three different treatments, which makes its removal a more sensitive 
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process (see Figure 6.2). In addition, denitrification is a delicate process that 

involves several transformations (Knowles, 1982), all of which amplifies the effect 

of disturbances that might appear in any of these steps. In contrast, organic 

matter oxidation in the anodic chamber is a much more robust process that only 

requires the anodic oxidation step. During stages II and III, as the nitrogen 

concentration in the feed gradually increased, the nitrogen concentration in the 

effluent also increased, although the mean nitrogen removal efficiency did not 

vary significantly (Figure 6.4B).  

 

Figure 6.5. Ammonium and nitrate percentages (without considering nitrite 
concentration) in A) the nitrification column and in B) the cathode. 
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One of the main bottlenecks in this setup was found in the external nitrification 

reactor, where not all of the ammonia entering the column was converted into 

nitrate. In fact, the conversion rate averaged only 40% (Figure 6.5A), further 

declining as the nitrogen concentration in the feed increased (stage II and, 

notably, stage III). It is known that the nitrification process can be affected by the 

free ammonia concentration, pH, and insufficient O2 or CO2 (Bazin, Cox and 

Scott, 1982). In this plant the CO2 concentration, as measured using a TOC 

analyzer, always remained above the limiting thresholds for nitrification 

(Kinsbursky and Saltzman, 1990), and the pH was in the range between 7.5 and 

8.5, which is within the growth range for pure cultures of ammonia oxidizing 

bacteria (5.8 to 8.5) (Princic et al., 1998). Moreover, free ammonia inhibition has 

been reported to occur at concentrations beyond 3700 mg N-NH4+ L-1(Kim, Guo 

and Park, 2008), which is far from the NH4+ concentration levels entering this 

nitrification reactor. Therefore, free ammonia, insufficient CO2, and pH can be 

rejected as limiting factors for the nitrification process. It is believed that an 

insufficient aeration rate was the main cause behind the poor performance of the 

nitrification reactor, as the dissolved oxygen concentration (6.2±0.9 mg O2 L-1) 

was generally (especially during stages II and III) below the stoichiometric 

concentration required for the oxidation of ammonium to nitrate (NH4+ + 2O2  

NO3- + 2H+ + H2O). Therefore, improving the performance of the overall pilot 

setup would demand rethinking the external nitrification reactor, either by 

increasing the column size, or by improving the aeration rates. 

The poor performance of the nitrification reactor led to further limitations in the 

denitrification (cathodic) process, as most of the nitrogen entering the cathode 

was in the form of ammonia (Figure 6.5A). This means that the relatively high 

nitrogen removal efficiencies observed cannot entirely be explained through 

cathodic (electrogenic) NO3- to N2 conversion. This, together with cathodic 

efficiencies (calculated as the ratio of electrons required for the reduction of 

nitrate to nitrogen gas, versus the electrons that reach the cathode) above 100% 

(see Figure 6.6A) led to the consideration of alternative nitrogen elimination 

pathways. One feasible alternative is NH3 volatilization due to relatively high 

cathodic pHs, a phenomenon previously observed in other studies (Kim et al., 

2008) and could explain, at least partially, the ammonium loss detected during 
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the cathodic treatment. In addition, the coexistence of NH4+ and NO3- in the 

cathodic medium makes it reasonable to hypothesize the occurrence of 

anaerobic ammonium oxidation (anammox), a phenomenon previously observed 

in BESs and reported in other studies (Di Domenico et al., 2015) (Li et al., 2015) 

(Li et al., 2016). Low concentrations of nitrite detected in the catholyte (below 20 

mg·L-1) would support this hypothesis. Finally, it is also possible that some nitrate 

would diffuse back to the anodic chamber through the anion exchange 

membrane, although nitrate was not detected in the anolyte of our BES. 

Unfortunately, neither NH3 nor N2 concentrations were measured for in the off-

gas, and the data collected through the tests is not sufficient to provide a solid 

estimation of to what extent these routes (NH3 volatilization, nitrate diffusion, and 

anammox) would proceed.  

6.3.3. Current, gas production, and energy efficiency 

The average current densities on each module were 0.26, 0.27, 0.21, 0.21, and 

0.17 A·m-2 based on the projected electrode surface area (see Figure 6.6C), 

which are within the range of current densities reported by other researchers 

feeding MECs with real-waste effluents (Rader and Logan, 2010), but still far from 

the threshold proposed to make BES a feasible technology (5-10 A·m-2 electrode 

surface area), at least from an economic point of view (Rozendal et al., 2008) (A. 

Escapa et al., 2012). Coulombic efficiencies were estimated from TOC 

measurements as described in M&M section. Results showed coulombic 

efficiencies in the range between 3-10%, which are indeed rather low values, thus 

revealing the existence of a significant potential COD loss that could be explained 

by the presence of alternative electron acceptors as reported in previous studies 

(A Escapa et al., 2012).  
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Figure 6.6. A) Cathodic efficiency profile in the BES reactor calculated as the ratio of 
electrons required for the reduction of nitrate to nitrogen gas versus the electrons that 
reach the cathode. B) Off-gas composition profiles in the BES reactor. C) Current density 
profiles for each BES module. Three phases are differentiated depending of the feed: 
Phase I: WW, Phase II: WW + centrate and Phase III: centrate. 
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In the current BES design, the anodic and cathodic chambers opened at the top 

to a single space, where the gas was collected for analysis. Chromatography 

results showed that the percentages of methane and carbon dioxide in the gas 

were highly variable (see Figure 6.6B), although the methane concentration 

tended to increase as the proportion of centrate in the feed increased (probably 

as a result of increased methanogenic activity). Interestingly, the hydrogen 

concentration in the off-gas kept growing during the first days of the experiment 

(peaking at 32%), and then stabilized at around 10%. However, during stage II 

the percentage of hydrogen decreased to zero, and was totally absent when the 

BES was fed with centrate. Low gas production, along with the low percentage of 

hydrogen and methane makes this gas barely usable.  

 

Figure 6.7. Energy consumption (kWh·kg-1-TOCremoval) in the MEC during three 
stages differentiated for the feed (stage I: WW, stage II: WW + centrate, stage III: 
centrate). 

Energy consumption was calculated based on the amount of energy delivered to 

the BES by the power source (kWh) and normalized per kilogram of TOC 

removed (pumping energy was not considered). It averaged 0.55 kWh·kg-1-TOC 

(kWh per kg of TOC removed), which corresponded to 0.12 kWh·m-3 (kWh per 

m3 of treated WW) (Figure 6.7). Energy consumption in the ancillary equipment 

(pumps) amounted to 0.06 kWh·m-3 (see Table 1) and thus total energy 

consumption in the plant (BES + pumps) was estimated to be 0.18 kWh·m-3. This 

represents a significant saving when compared to the average energy 
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consumption in aeration reactors in WWTPs, which in Spain is typically 50–60% 

of the total energy demand in the facilities (0.53 kWh·m-3) (Hernández-Sancho, 

Molinos-Senante and Sala-Garrido, 2011). Energy consumption increased as the 

proportion of centrate increased, although it tended to decrease as the 

microorganisms adapted to the new feeding conditions. A similar phenomenon of 

a sudden rise and subsequent decline of energy consumption was observed 

when the feed was only centrate. Therefore, it might be expected that energy 

consumption decreases as the microbial communities adapt to the new feeding 

conditions. Again, due to project constraints, this is a hypothesis that could not 

be further evaluated.  

Table 6.1. Energy consumption by the pumps (feeding and recirculation pumps) 

Energy consumption            (Kwh m-3) 

Anode and cathode feeding (6 pumps) 3.49E-02 

Anode and cathode recirculation (6 pumps) 1.84E-03 

Column feeding 1.74E-02 

Column recirculation 5.82E-03 

Total 0.06 

In conclusion, when the pilot-scale BES was operated as an MFC, TOC and TN 

removal were almost negligible. However, when switched to MEC (using uWW 

as a feed), removal rates reached almost 100% several times, although they 

declined when using centrate. Energy consumption was within the values 

traditionally attributed to conventional aerobic systems. The main bottleneck was 

found in the external nitrification reactor, which was unable to convert all the 

ammonia into nitrate. As a result, the denitrification process in the cathode was 

limited, and alternative nitrogen removal pathways (ammonia volatilization and 

annamox) needed to be considered to explain the results observed. 

6.4. REFERENCES 

Bazin, M. J., Cox, D. J. and Scott, R. I. (1982) ‘Nitrification in a column reactor: 

Limitations, transient behaviour and effect of growth on a solid substrate’, 

Soil Biology and Biochemistry. Pergamon, 14(5), pp. 477–487. doi: 

10.1016/0038-0717(82)90107-9. 



 
 

106 
  

CHAPTER 6 

Brown, R. K. et al. (2014) ‘Evaluating the effects of scaling up on the performance 

of bioelectrochemical systems using a technical scale microbial 

electrolysis cell’, Bioresource Technology. Elsevier Ltd, 163, pp. 206–213. 

doi: 10.1016/j.biortech.2014.04.044. 

Clauwaert, P. et al. (2007) ‘Biological denitrification in microbial fuel cells’, 

Environmental science & technology. ACS Publications, 41(9), pp. 3354–

3360. 

Clauwaert, P. et al. (2009) ‘Enhanced nitrogen removal in bio-electrochemical 

systems by pH control’, Biotechnology letters. Springer, 31(10), pp. 1537–

1543. 

Dhar, B. R. et al. (2013) ‘Separation of competitive microorganisms using 

anaerobic membrane bioreactors as pretreatment to microbial 

electrochemical cells.’, Bioresource technology, 148, pp. 208–14. doi: 

10.1016/j.biortech.2013.08.138. 

Dohányos, M. et al. (2000) ‘The intensification of sludge digestion by the 

disintegration of activated sludge and the thermal conditioning of digested 

sludge’, Water Science and Technology, 42(9), pp. 57–64. 

Di Domenico, E. G. et al. (2015) ‘Development of Electroactive and Anaerobic 

Ammonium-Oxidizing (Anammox) Biofilms from Digestate in Microbial 

Fuel Cells’, BioMed research international. Hindawi Publishing 

Corporation, 2015. 

Dubber, D. and Gray, N. F. (2010) ‘Replacement of chemical oxygen demand 

(COD) with total organic carbon (TOC) for monitoring wastewater 

treatment performance to minimize disposal of toxic analytical waste’, 

Journal of Environmental Science and Health Part A. Taylor & Francis, 

45(12), pp. 1595–1600. 

Escapa, A. et al. (2012) ‘Estimating microbial electrolysis cell (MEC) investment 

costs in wastewater treatment plants: Case study’, International Journal of 

Hydrogen Energy, 37(24), pp. 18641–18653. doi: 

10.1016/j.ijhydene.2012.09.157. 

Escapa, A. et al. (2012) ‘Performance of a continuous flow microbial electrolysis 

cell (MEC) fed with domestic wastewater’, Bioresource technology. 

Elsevier, 117, pp. 55–62. 

Federation, W. E. and Association, A. P. H. (2005) ‘Standard methods for the 



 

107 
 

    CHAPTER 6 
 

examination of water and wastewater’, American Public Health 

Association (APHA): Washington, DC, USA. 

Fux, C. et al. (2002) ‘Biological treatment of ammonium-rich wastewater by partial 

nitritation and subsequent anaerobic ammonium oxidation (anammox) in 

a pilot plant’, Journal of Biotechnology, 99(3), pp. 295–306. doi: 

10.1016/S0168-1656(02)00220-1. 

Hernández-Sancho, F., Molinos-Senante, M. and Sala-Garrido, R. (2011) 

‘Energy efficiency in Spanish wastewater treatment plants: A non-radial 

DEA approach’, Science of The Total Environment, 409(14), pp. 2693–

2699. doi: 10.1016/j.scitotenv.2011.04.018. 

Holloway, R. W. et al. (2007) ‘Forward osmosis for concentration of anaerobic 

digester centrate’, Water Research, 41(17), pp. 4005–4014. doi: 

10.1016/j.watres.2007.05.054. 

Katal, R. et al. (2012) ‘Kinetic, isotherm and thermodynamic study of nitrate 

adsorption from aqueous solution using modified rice husk’, Journal of 

Industrial and Engineering Chemistry, 18(1), pp. 295–302. doi: 

http://dx.doi.org/10.1016/j.jiec.2011.11.035. 

Kim, J.-H., Guo, X. and Park, H.-S. (2008) ‘Comparison study of the effects of 

temperature and free ammonia concentration on nitrification and nitrite 

accumulation’, Process Biochemistry, 43(2), pp. 154–160. doi: 

10.1016/j.procbio.2007.11.005. 

Kim, J. R. et al. (2008) ‘Analysis of ammonia loss mechanisms in microbial fuel 

cells treating animal wastewater.’, Biotechnology and bioengineering. 

Wiley Subscription Services, Inc., A Wiley Company, 99(5), pp. 1120–7. 

doi: 10.1002/bit.21687. 

Kinsbursky, R. S. and Saltzman, S. (1990) ‘CO2-nitrification relationships in 

closed soil incubation vessels’, Soil Biology and Biochemistry, 22(4). doi: 

10.1016/0038-0717(90)90195-6. 

Knowles, R. (1982) ‘Denitrification.’, Microbiological Reviews, pp. 43–70. 

Li, C. et al. (2015) ‘Study on anaerobic ammonium oxidation process coupled 

with denitrification microbial fuel cells (MFCs) and its microbial community 

analysis’, Bioresource Technology, 175, pp. 545–552. doi: 

10.1016/j.biortech.2014.10.156. 

Li, Y. et al. (2011) ‘Characterization of a microalga Chlorella sp. well adapted to 



 
 

108 
  

CHAPTER 6 

highly concentrated municipal wastewater for nutrient removal and 

biodiesel production’, Bioresource Technology, 102(8), pp. 5138–5144. 

doi: 10.1016/j.biortech.2011.01.091. 

Li, Y. et al. (2016) ‘Self-sustained high-rate anammox: from biological to 

bioelectrochemical processes’, Environmental Science: Water Research 

& Technology. Royal Society of Chemistry. 

Mercer, B. W. et al. (1970) ‘Ammonia removal from secondary effluents by 

selective ion exchange’, Journal (Water Pollution Control Federation). 

JSTOR, pp. R95--R107. 

Metcalf, E. and Eddy, H. (2003) Wastewater engineering: treatment and reuse, 

Tata McGraw-Hill Publishing Company Limited, 4th edition. New Delhi, 

India. doi: 10.1016/0309-1708(80)90067-6. 

Mook, W. T. et al. (2012) ‘Removal of total ammonia nitrogen (TAN), nitrate and 

total organic carbon (TOC) from aquaculture wastewater using 

electrochemical technology: A review’, Desalination, 285, pp. 1–13. doi: 

10.1016/j.desal.2011.09.029. 

Park, D. H. and Zeikus, J. G. (2003) ‘Improved fuel cell and electrode designs for 

producing electricity from microbial degradation’, Biotechnology and 

bioengineering, 81(3), pp. 348–355. 

Princic, A. et al. (1998) ‘Effects of pH and Oxygen and Ammonium 

Concentrations on the Community Structure of Nitrifying Bacteria from 

Wastewater’, Appl. Envir. Microbiol., 64(10), pp. 3584–3590. Available at: 

http://aem.asm.org/cgi/content/long/64/10/3584 (Accessed: 28 November 

2016). 

Qin, M. et al. (2017) ‘Ammonium removal from synthetic wastewater promoted by 

current generation and water flux in an osmotic microbial fuel cell’, Journal 

of Cleaner Production, 149, pp. 856–862. doi: 

10.1016/j.jclepro.2017.02.169. 

Rabaey, K. et al. (2003) ‘A microbial fuel cell capable of converting glucose to 

electricity at high rate and efficiency’, Biotechnology letters. Springer, 

25(18), pp. 1531–1535. 

Rabaey, K. and Verstraete, W. (2005) ‘Microbial fuel cells: novel biotechnology 

for energy generation’, TRENDS in Biotechnology. Elsevier, 23(6), pp. 

291–298. 



 

109 
 

    CHAPTER 6 
 

Rader, G. K. and Logan, B. E. (2010) ‘Multi-electrode continuous flow microbial 

electrolysis cell for biogas production from acetate’, International Journal 

of Hydrogen Energy, 35(17), pp. 8848–8854. doi: 

10.1016/j.ijhydene.2010.06.033. 

Rozendal, R. A. et al. (2008) ‘Towards practical implementation of 

bioelectrochemical wastewater treatment’, Trends in biotechnology, 26(8), 

pp. 450–459. doi: http://dx.doi.org/10.1016/j.tibtech.2008.04.008. 

Ryu, J. H. et al. (2013) ‘Simultaneous carbon and nitrogen removal from piggery 

wastewater using loop configuration microbial fuel cell’, Process 

Biochemistry, 48(7), pp. 1080–1085. doi: 10.1016/j.procbio.2013.05.016. 

Sedlak, R. I. (1991) Phosphorus and nitrogen removal from municipal 

wastewater: principles and practice. CRC press. 

Sun, H. et al. (2016) ‘Performance and recent improvement in microbial fuel cells 

for simultaneous carbon and nitrogen removal: A review’, Journal of 

Environmental Sciences, 39, pp. 242–248. doi: 10.1016/j.jes.2015.12.006. 

Virdis, B. et al. (2010) ‘Simultaneous nitrification, denitrification and carbon 

removal in microbial fuel cells’, Water Research, 44(9), pp. 2970–2980. 

doi: 10.1016/j.watres.2010.02.022. 

Zhu, G. et al. (2008) ‘Biological removal of nitrogen from wastewater’, in Reviews 

of environmental contamination and toxicology. Springer, pp. 159–195. 
  



 
 

110 
  

CHAPTER 6 

 
 



EVOLUTION OF CATION 
EXCHANGE MEMBRANES’ 

PROPERTIES IN LONG-TERM 
BIOELECTROCHEMICAL 

SYSTEM OPERATION.
 

C H A P T E R  7

 

 

M A R Í A  I S A B E L  S A N - M A R T Í N ,  F R A N C I S C O  J A V I E R  C A R M O N A ,  P E D R O  P R Á D A N O S ,  A D R I Á N  E S C A P A ,  A N T O N I O  

M O R Á N  

 

THIS CHAPTER HAS BEEN SUBMITTED FOR PUBLICATION:



 



 

113 
 

    CHAPTER 7 
 

ABSTRACT 

This study examines the effect of medium- to long-term operation of a 

bioelectrochemical system on the mechanical, chemical and electrochemical 

properties of five different kind of cation exchange membranes: Nafion-117, CMI-

7001, Zirfon UTP 500, FKE and FKB. The scanning electron microscopy and 

atomic force microscopy were used to assess the changes on the membrane 

surface. The thermogravimetric analysis (TGA) was used to evaluate the 

membrane structural deterioration, and the ion exchange capacity and electrical 

impedance spectroscopy (EIS) were employed to analyse the electrochemical 

properties. Contrary to expectations, the conductivity increased in all membranes 

after four months of operation as revealed by EIS analysis. The TGA profiles 

showed a modification of the polymer chain structure with time, with Nafion and 

CMI-7000, exhibiting the strongest chemical structure but also the highest 

surface modification.  

7.1. INTRODUCTION 

During the past 15 years, bioelectrochemical systems (BESs) have experienced 

an intense phase of research and development, proving to be a versatile group 

of technologies with a wide range of potential applications (energy recovery from 

organic matter, chemical production from carbon dioxide, nutrient recovery from 

waste streams, etc.) (Zhang et al., 2018), and being capable of dealing with a 

broad range of organic and inorganic substrates. Despite the numerous scale-up 

experiences reported in the literature, BESs are far from being a mature 

technology (Escapa et al., 2016). The still low current densities, relatively large 

capital cost or difficulties associated with energy harvesting/management are 

often cited as major challenges, that BESs need to face before turning into 

technical and economically feasible technologies.   

The ion exchange membrane (IEM) is a core element in BESs, having a 

significant impact on both the performance and capital costs, and allowing for  

interesting  operational advantages, such as obtaining more pure products (e.g. 

hydrogen, ammonia), separating the anodic and the cathodic process or 

achieving higher coulombic efficiencies (Sleutels et al., no date). However, 
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membranes also represent a barrier to the circulation of charges (thus negatively 

impacting the ohmic overpotential and energy efficiency), and that may account 

for  up to 40% of the overall cost of BESs (Leong et al., 2013). Thus, it is not 

surprising that, in an effort to improve the commercial perspectives of BESs, 

many researchers have come up with alternative BES designs that completely 

dispense with the membrane. Although these have proved to be successful 

designs in several fields of application (such as organic contamination removal 

or energy production (Yan et al., 2018)), the membranes are critical elements in 

many others BES-based applications (nutrients recovery, microbial 

electrosynthesis, desalination, etc.) (San-Martin et al., 2018). 

It is precisely, in this context, that several kinds of membranes have been tested 

in BESs, including anionic exchange membrane (AEM), cationic exchange 

membrane (CEM), microfiltration membrane, bipolar membrane and ultrafiltration 

membrane—the AEM and CEM being the most commonly used ones, which can 

be classified within the IEM. Concretely, Nafion® has remained the most popular 

IEM in BESs, because of its good mechanical stability and high proton selectivity 

(Hernández-Fernández et al., 2016), although its high price has motivated the 

search for other cheaper alternatives, such as Fumasep®, Ultrex®, Zirfon® or 

Hyflon® (Sevda et al., 2013). Ideally, for a membrane to be used in BESs, it 

should have low electrical resistance (to facilitate the ion transport), should 

prevent gas and substrates diffusion, have a high biofouling resistance, and all of 

this, preferably, with low-cost (Li et al., 2011). The membrane degradation, 

commonly known as ‘membrane ageing’, also plays a vital role in the feasibility 

of BESs, because this phenomenon is directly related to its durability. The 

membrane ageing is usually characterised in terms of physical, chemical and 

electrochemical stability, and in this sense, a vast array of methods is available 

including microscopy, impedance spectroscopy or titration technics. The previous 

studies have made use of these techniques to investigate the degradation 

patterns of individual membranes [10, 11], but there is a lack of knowledge on 

how these membranes compare.  

In this study we assessed how the mechanical, chemical and electrochemical 

properties of five different cation exchange membranes develop, during four 
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months of continuous operation in a microbial electrolysis cell (MEC) fed with 

acetate. 

7.2. MATERIALS AND METHODS 

7.2.1. Microbial electrolysis cell design and operation 

A two-chambered microbial electrolysis cell (MEC) was constructed and operated 

in continuous mode at room temperature for four months. Each chamber of the 

MEC has a volume of 250 mL, and the anodic and the cathodic chambers are 

based on two perforated methacrylate plates to place the different membranes 

between them. The two plates are joined by small screws. Six pieces (30 mm x 

12 mm) of each type of membrane are placed (Figure 7.1).  The presence of the 

five types of membranes in the same reactor makes it possible to compare their 

degradation under the same working conditions. 

The anode is made of 5 mm-thick graphite felt (Sigratherm®, Germany), and the 

cathode is made of stainless steel mesh, both with a dimension of 24.5 x 9.5 cm2. 

The carbon felt was pre-treated with a method listed in elsewhere (Dhar et al., 

2013) and stainless steel was cleaned with distilled water. A titanium wire, as 

current collector, connects the electrodes. The reactor was controlled by a power 

supply PS2000B (Elektro-Automatik, Germany) with an applied voltage of 1 V; 

the current value was recorded every 10 minutes, across an 8 Ω fixed resistor by 

a model 2700 Keithley multimeter (Keithley Instruments, USA).   

The anode chamber was inoculated with a mixture of synthetic wastewater and 

an activated sludge—effluent from another MEC operated for 4 months. The 

composition of anolyte and catholyte are described just below, which were 

maintained at 4 °C until were introduced in the reactor. The feed was made in 

continuous mode by a peristaltic pump at a flow rate of 30 mL·h−1.  

The anolyte (synthetic wastewater) used in this study contains 0.55 g·L−1 sodium 

acetate, 6 g·L−1 K2HPO4, 3 g·L−1 KH2PO4, 1.5 g·L−1 NH4Cl, 1 g·L−1 NaHCO3, 0.5 

g·L−1 NaCl, 0.2 mg·L−1 CaCl2, 0.15 g·L−1 MgSO4·7H2O and 1 mL·L−1 of a mixed 

trace element solution and vitamins (del Pilar Anzola Rojas et al., 2018). The 
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anolyte was sparged with nitrogen gas for 20 minutes to ensure the anaerobic 

conditions. The catholyte consisted of a 0.1 M phosphate buffer solution. 

 

Figure 7.1. Detail of the two plates where the six pieces (30 mm x 12 mm) of each type 
of membrane are placed and how they are joined by small screws. 
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7.2.2. Membranes and characterisation 

The membranes used in this study are 5 commercially available membranes: 

Nafion 117 (DuPont, USA), CMI-7000 (Membranes International, USA), Zirfon 

Perl UTP 500 (Agfa, Belgium), Fumasep FKE and FKB (Fumatech, Germany). 

The main characteristics of each cation exchange membranes are given in Table 

1. All membrane pieces were soaked in demineralised water for at least 24 h prior 

to the pre-treatment. However, an accurate pre-treatment of each piece of 

membrane (according to each technical specification) was not performed, 

because of the difficulty of performance during different pre-treatments in the 

compound membrane. 

Table 7.1. Physical and chemical properties of the cation exchange membranes used 
in this research. 

Property Units FKE FKB Nafion 
117 

Zirfon UTP 
500 

CMI-
7000 

Selectivity % > 0.98 > 0.98 - - > 0.97 
Electric 
resistance Ω·cm2 < 3 < 4 1.5 < 0.3 < 30 

Stability pH 1-14 1-14 - 6 M KOH 1-10 

Thickness mm 0.05-
0.07 

0.08-
0.1 0.18 0.5 0.45 

Ion 
exchange 
capacity 

meq/q > 1 0.9-
1.0 

0.95-
1.01 - 1.6 

Cost €/m2 195 320 400 45 170 

 

One fragment of each type of membrane was sampled once a month for each of 

the four months. Each fragment of membrane was characterised by four 

properties: its thermal stability, indicated by thermogravimetric analysis (TGA); 

the superficial morphology analysed by scanning electron microscopy (SEM) and 

atomic force microscopy (AFM); the number of fixed charges inside the ion 

exchange membrane, obtained from the ion exchange capacity (IEC) and the 

electrical resistance, calculated by electrical impedance spectroscopy (EIS). 
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7.2.2.1.  Scanning electron microscopy  

The membrane samples were examined by a JSM-6480 LV (JEOL, Japan) 

scanning electron microscope. The samples were fixed in 2.5% glutaraldehyde 

solution in phosphate buffered saline (PBS) solution for 2 hours at 4° C. After 

drying the membranes with ethanol, they were then transferred into the chamber 

of the critical point dryer CPD 030 (Bal-Tec, Germany). Subsequently, prior to 

observation of the microstructure by SEM, the membranes were coated with a 

thin layer of gold in a sputter coater equipment EM ACE200 (Leica Microsystems, 

Switzerland). 

7.2.2.2.  Atomic force microscopy 

The atomic force microscopy has been performed with a Nanoscope Multimode 

IIIa scanning probe microscope from Digital Instruments (Veeco Metrology Inc., 

USA), following the method described elsewhere (Silva et al., 2016). The 

calculated values of surface roughness were averaged over 5 different profiles 

for each membrane sample using a scanning area of 1×1 μm2. The AFM allows 

to monitor changes on the membrane surface and get quantitative measurement 

of roughness as Sq (Johnson and Hilal, 2015). The term Sq refers to the root 

mean square roughness and it is the statistical measure of the magnitude of the 

height distribution. Sq was calculated according to Eq. 1, as follows: 

𝑆𝑆𝑞𝑞 =  �
1
𝑚𝑚𝑚𝑚

��𝑍𝑍2�𝑥𝑥𝑖𝑖  ,𝑦𝑦𝑗𝑗�
𝑛𝑛

𝑗𝑗=1

𝑚𝑚

𝑖𝑖=1

  , (1) 

 

where m and n are the number of the pixels in the x and y directions respectively 

(512×512 in this case), and Z is the height of a pixel.  

7.2.2.3.  Thermogravimetric  analysis 

The thermogravimetric analysis of the cation exchange membranes was carried 

out with a Thermogravimetric Analyzer SDT Q600 (TA Instruments, USA), in a 

temperature range from 30 to 750 °C, at the constant rate heating of 10 °C·min-

1, under the nitrogen atmosphere. 
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7.2.2.4.  Ion exchange capacity 

The ion exchange capacity was determined by the acid-base titration. After the 

membrane was immersed in the distilled water, it was soaked in a large volume 

of 1 M HCl for at least 24 hours (the solution was replaced three times to complete 

the ion exchange). Later, it was also washed with distilled water to remove excess 

HCl and it was soaked in 2 M NaCl solution for at least 24 hours to replace the 

protons by sodium ions (the solution was replaced three times to ensure the 

complete exchange, again). The different NaCl solutions were collected and then 

titrated with 0.1 M NaOH. The ion exchange capacity titration of the membrane 

was calculated as the ratio of the total charge (meq) and the dry weight of the 

measured membrane (g). 

7.2.2.5.  Electrical impedance spectroscopy 

The impedance measurements were performed with a Solartron 1260 (Ametek, 

USA), using a 10 mV applied AC voltage at frequencies between 10 mHz and 10 

MHz at 25 ± 1 °C. To eliminate the influence of the connections, the electrical 

noise and the porous matrix of the membrane, an open/short/load correction was 

performed as described elsewhere  (Díaz et al., 2018).  New and used membrane 

samples were previously soaked in a 1 mM NaCl solution. 

7.3. RESULTS AND DICUSSION 

7.3.1. Assessment of membrane surface through SEM and AFM 

The ion exchange membranes in BESs are liable to undergo biological and 

chemical fouling in long-term operation. The interest in tracking this phenomenon 

lays in the fact that, it represents an additional barrier to charge transport through 

the membrane. Although there is no specific procedure to measure its formation 

rates, the SEM can provide a qualitative estimation of its physical extent (Leong 

et al., 2013). The SEM analyses were performed on the membranes after the first 

and fourth months of operation, and were compared with those performed on the 

new ones. Figure 7.2 shows the side views of the membranes at magnification of 

X90, which together with the surface appearance, provides detailed structural 

features. The biofouling was not perceptible—neither on the anode side nor on 
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the cathode side. In addition, no breakings or deformities in the internal structure 

of the membranes were detected at this magnification.  

 

Figure 7.2. Cross-sectional SEM images of new membranes after 1 and 4 months of 
operation.   



 

121 
 

    CHAPTER 7 
 

 

 

Figure 7.3. Membrane surface images obtained by AFM for the new membrane and 
after 1 and 4 months of operation. 

Although the SEM analyses did not provide any evidence of surface deterioration 

along time, these results need to be interpreted with caution. Here, the evolution 

of surface roughness, as measured by AFM, can provide complementary 

information (Figure 7.3).  
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Figure. 7.4. Sq value (nm) variation as a function of operation time at (A) the side in 
contact with the anolyte and (B) the side in contact with the catholyte. 

As shown in Figure 7.4, this parameter increases more visibly in CMI and Nafion 

membranes (especially after the first month of operation), while the Zirfon 

membrane, despite displaying the highest initial surface roughness (probably 

because of the presence of ZrO2), developed the least relative increase over the 

four months of operation of the reactor. The roughness of FKB and FKE 

membranes increased progressively along the four months. Figure 7.4 also 

shows a clear difference in the evolution of surface roughness on both sides of 

the membrane, with the anode side displaying a faster increase. This difference 

can be explained by the higher salt concentration in the anolyte with respect to 

the catholyte, which can precipitate spontaneously as crystals on the membrane 

surface. This suggests that the ion concentration may be a major, if not the only 
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one, factor causing membrane roughness increase (in terms of Sq).  Therefore, 

in those applications, where there are high concentrations of salts in the medium 

(e.g. leachate treatment or desalination), membranes such as Nafion and CMI 

would result in higher formation of precipitates on their surface than membranes 

such as Zirfon, whose change in Sq value is almost negligible. 

7.3.2. Assessment of membrane structural deterioration through TGA 

The ageing process of the membranes was also monitored in terms of chemical 

structure modification, by assessing the thermal stability of both the polymer 

matrix and the functional groups by means of TGA. For all the membranes, the 

main modification of the structure occurred during the first month of operation, 

which is evidenced by the displacement of the main peaks towards lower 

temperatures (Figure 7.5).  

The CMI-7000 consists of gel polystyrene cross linked with divinylbenzene and 

sulphonic acid as the functional groups (CMI-7000 Cation Exchange 

Membranes : Membranes International Inc., no date). The TGA profiles show a 

clear divergence between the new membrane and the used membranes, where 

the two peaks of the new membrane merge into just one peak in used 

membranes, and get displaced towards low temperatures. The peak between 

400 °C and 490 °C, is attributed to the decomposition of the polystyrene chains 

of the membrane, together with –SO3H- groups, and the peak above 500 °C is 

most likely the residual solvent from the manufacturing process, that is not 

anchored to the matrix and lost with use. Beyond this change, there is no 

evidence of degradation along the time. 

The Zirfon consists of a hydrophilic polyphenylene sulphide fabric coated with a 

mixture of a polymer and zirconium oxide (ZIRFON PERL UTP 500 - Specialty 

Products, no date). In this case, it is possible to see that the maximum 

degradation temperature of the Zirfon membranes gradually decreased with time, 

operating from 500 °C, in the new one, to 470 °C, in the fourth month. However, 

it is difficult to establish a relation between the peaks that appear in the TGA 

profile and the degradation patterns, because there is scant information about the 

characteristic of the Zirfon membrane in the technical and scientific literature.  
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Figure. 7.5. Thermogravimetric analysis of the membranes before (red dash line) and 
after 1, 2, 3 and 4 months of operation (gradient of blue lines).  
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The Nafion is a perfluorinated membrane fabricated of carbon–fluorine backbone 

chains, with perfluoro side chains, containing sulfonic acid groups as the 

functional groups (ZIRFON PERL UTP 500 - Specialty Products, no date). In this 

case, mass degradation initiates around 350 °C in agreement with previous 

studies (Deng et al., 1998), where they also found that there are a number of 

series–parallel degradation reactions that sum up to generate the TGA peak, but 

they are unresolvable for these systems. The TGA profile of the new membrane 

reaches its maximum at 500 °C, and it gets subsequently displaced towards lower 

temperatures (460 °C) after the first month, probably as a result of the loss of the 

protective layer. The TGA profiles get unaltered in the samples taken in the 

following months, thus showing a remarkable chemical and thermal stability. 

The FKB and FKE are both based on perfluorinated sulfonic acid and are 

manufactured by the same company (Fumatech) (Products - fumatech GmbH, 

no date). Both have, in the new membranes, two transitions of mass loss at 

around 230 and 320 °C, which are attributed to stabilizing agents and another 

wider one, between 400 and 600 °C, which is attributed to the degradation of 

sufonated poly (EtherEtherKetones).  After the first month of use, the first peak 

at 320 °C almost disappears in both membranes, because of the removal of the 

stabilizing agents, and the second peak (at 550 °C) moves to lower temperatures.  

Overall, these results show that Nafion and CMI-7000 have excellent thermal 

stabilities in long-term operation, in contrast with Zirfon, FKB and FKE, that follow 

a moderate degradation along time. 

 7.3.3. Assessment of electrochemical properties through IEC and EIS 

The ion exchange capacity is the number of fixed charges inside the ion 

exchange membrane per unit of weight of the dry polymer. The IEC is a crucial 

parameter, because it affects almost all of the other membrane properties 

(Wilhelm et al., 2002), such as electrical resistance and fixed charge density. 

Figure 7.6, that illustrates the IEC values obtained for the membranes during the 

four months of operation, shows how this parameter did not modify substantially 

for any of them, except for the FKE, where a clear drop appears between the third 

and the fourth operation month with a descent of 18%, although it still keeps the 
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highest IEC value. The Nafion membrane also underwent a 20% reduction, but 

in this case was a gradual reduction throughout the four months of operation.   

  

Figure. 7.6. Evolution of Ion Exchange Capacity (meq/g) along operation time. 

No significant differences were found between the membrane performances in 

IEC results. Therefore, EIS was used to obtain intricate inside knowledge of the 

membrane ageing. This technique has been demonstrated as the non-intrusive 

and efficient one to characterise the membrane properties in BESs. To follow the 

evolution, these analyses were carried out at three different times (before the 

membrane was used, after 1 month and after 4 months of use). The EIS data 

were displayed as Nyquist plots (Figure 7.7), which represent the real and the 

imaginary part of the impedance (Z’,-Z’’). In this experiment, the qualitative data 

analysis provides three features. First, the intersection values, with real 

impedance axis, in the high frequency region that reflect differences in the ohmic 

resistance. Second, a semi-circle at intermediate frequencies, owing to capacitive 

phenomenon, related to the charge transfer limitation. And third, a non-vertical 

line, at lower frequencies, on account of a capacitive phenomenon related with 

the transmembrane migration throughout the diffusion layer. In view of the results, 

the ohmic resistance and the slope of the non-vertical line remained almost 

unchanged, along the time, in all the samples. Therefore, we focus the study on 

the second feature (the semi-circle at intermediate frequencies).  
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Concerning the capacitive phenomenon related to the charge transfer, the five 

kind of membranes can be divided into two different groups depending on their 

response to the applied voltage. The first group is formed by CMI-7000, Nafion 

and Zirfon, which has a single lobe that encompasses high and mid-frequency 

phenomena, and the second group by FKB and FKE, which presents a relaxation 

that separates these effects into two distinct lobes. 

In the first group, despite the large difference in the values of the resistances, the 

Nyquist plots exhibited similar patterns for CMI-7000, Nafion and Zirfon; the 

diameter of the lobes decreased and moved to negative direction reflecting a 

decreased charge transfer resistance. In the case of Nafion membrane, the 

difference between the new and used membranes was highlighted. The previous 

studies have demonstrated that in the dry state, Nafion is a poor ionic conductor, 

but the ionic conductivity increases dramatically with increasing water content 

(Anantaraman and Gardner, 1996). This could be in accordance with an 

insufficient hydration in the new Nafion membrane, and the fact that a suitable 

hydration (in the samples of the first and fourth month) could enhance 

conductivity properties significantly. These findings help us to understand the 

importance of the pre-treatment. 

In the second group, the behaviour can be defined by the micro heterogeneous 

model described by S. Melnikov et al. (Melnikov et al., 2018), which considers the 

membrane as a two-phase system consisting of a gel phase and an inter-gel 

phase filled with an equilibrium solution of the same composition, as the solution 

outside the membrane. Therefore, probably, the first loop remains constant, 

because it is related to the ions within the porous structure. However, the second 

loop decreases, because either the gel is lost or the charges are masked along 

time.  
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Figure 7.7. Nyquist plots of membrane impedance, before and after, 1 and 4 months of 
operation.  
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The IEC results of the new membrane, combined with the TGA results, suggest 

that the stabilising agents that are found in the new membrane and then are lost 

in the first month, have no influence on the IEC. However, AFM and EIS results 

show that the presence of this protective layer and residual solvents is reflected 

in a much smoother surface and in an increase of the membrane resistance, 

respectively. Therefore, an adequate pre-treatment of the membranes does not 

have effect on their ion exchange capacity, but it does allow an improvement in 

the system performance, because the current density depends on the total 

internal resistance of the membrane, especially in Nafion membrane.  

7.3.4. Effect of membrane degradation on MEC performance 

At the start of the experimental run, the current density (with a value of                

~0.4 A·m-2) were still increasing until the first month. When the current density 

reached ~1 A·m-2 and it was kept along the time, it can be explained by a lack of 

a mature biofilm during the first days. The accumulated charge profile (Figure 7.8) 

shows this tendency and it is also useful for characterising the stress to which the 

membranes are subjected. The tendency of the accumulated charge suggests 

that the membrane ageing does not have negative effect on the MEC 

performance, in terms of current density, at least during the first four months.  

 

Figure 7.8.  Total charge accumulated over a 120-day period (Arrows indicate the 
membrane sampling at 1, 2, 3 and 4 months). 
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7.4. CONCLUSIONS 

The membrane ageing has a critical impact in the feasibility of BES. In this study, 

we have seen that the use of cation exchange membranes over long periods of 

operation leads to a change in their physico-chemical properties, exchange 

capacities and resistance. Among the different types of membranes tested, 

Nafion and CMI-7000 showed a more robust chemical structure, although they 

suffer the greatest surface modification. In addition, and contrary to expectations, 

all the membranes displayed a moderate improvement in the electrical 

resistance, as revealed by EIS, which distinguished two evolution mechanisms. 

The Nafion, CMI-7000 and Zirfon showed a decrease in the charge transfer 

resistance, while FKE and FKB behaviour can be defined by a micro 

heterogeneous model. Overall, these results can provide a useful guidance for 

future studies on CEM ageing and on assessing the membranes’ durability. 
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8.1. CONCLUSIONS 

Bioelectrochemical Systems offer the possibility of recovering nitrogen from 

waste streams, and thanks to their ability for harnessing the bioenergy present in 

the organic matter they also help to offset the energy usage. However, although 

the first experiences with pilot plants have already been carried out and they give 

hope to the development of this technology, the use of BES for nutrients recovery 

still needs optimization of operational parameters. In this regard, and answering 

the objectives outlined in chapter 2, the following conclusions can be drawn: 

1. With regards to the study of the effect of applied voltage, type of catholyte 
and reactor scale on nitrogen recovery from two different organic wastes 

(digestate and pig slurry) by means of MEC technology, the major conclusions 

are: 

 The applied voltage did not seem to have a noticeable effect on ammonia 

recovery, maybe due to the fact that diffusion predominates over migration 

as a low-current density is caused by the limited biodegradability of the pig 

slurry and the digestate. 

 The use of PBS as the catholyte allowed the pH to be controlled, also 

avoiding the appearance of precipitates and loss of ammonium due to 

volatilization. 

 Doubling the reactor size did not appear to have a clear impact on current 

density and ammonia recovery efficiency. 

 

2. Regarding the study of the impact of long-term operation on the cation 
exchange membrane and on the anode microbial communities of two 

semi-pilot (16 L) Microbial Electrolysis Cells designed for pig slurry 

valorization. It can be stated that: 

 There seemed to be a vertical stratification of certain microbial 

populations.  

 There is a mutualistic relationship between fermentative and electroactive 

bacteria in a MEC fed with a fermentable substrate.  

 Ion exchange capacity seemed to be more affected by surface 

modifications than by internal structure degradation.  
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 The production of hydrogen and ammonia recovery make this process a 

claim for circular economy. 

 

3. With regards to the performance of a 150 L BES-based plant designed for 

carbon and nitrogen removal from several waste streams, the major 

conclusions are: 

 TOC and TN removal efficiencies were almost negligible when the pilot-

scale BES was operated as MFC. 

 TOC and TN removal efficiencies reached almost 100% several times 

when the pilot-scale BES was operated as MEC using wastewater as feed. 

However, removal efficiencies declined when using centrate as raw 

material. 

 Energy consumption of the system was within the values traditionally 

attributed to conventional aerobic systems.  

 The denitrification process in the cathode was limited by the external 

nitrification reactor, which was unable to convert all the ammonia into 

nitrate. As a result, alternative nitrogen removal pathways (ammonia 

volatilization and annamox) needed to be considered to explain the results 

observed. 

 

4. Regarding the evolution of cation exchange membranes’ properties of 
five different kind of cation exchange membranes after four months of 

operation on a MEC. It can be stated that: 

 Nafion and CMI-7000 showed a more robust chemical structure, although 

they suffer the greatest surface modification.  

 All the membranes displayed a moderate improvement in the electrical 

resistance. 

 EIS result distinguished two evolution mechanisms: Nafion, CMI-7000 and 

Zirfon showed a decrease in the charge transfer resistance, while FKE and 

FKB behavior can be defined by a micro heterogeneous model.  

Overall, the weaknesses and potentialities of BES for removing and recovering 

nitrogen from waste streams has been shown in this thesis. Denitrification 

process and low biodegradability of the feed were identified as the bottlenecks of 
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these studies, while near 100% TOC and TN removal efficiencies and hydrogen 

production can make the use of BES for nitrogen recovery feasible. These results 

allow for some optimism about the future prospect of BES for nutrient recovery.   

8.2. FUTURE WORK 

The versatility of BES opens the way for using this technology in the field of 

nutrients recovery (nitrogen) from waste streams. However, several challenges 

need to be overcome before BES can be applied in practice. For instance, 

although wastes such as digestate, pig slurry and centrate can be seen as a priori 

excellent substrates for nitrogen recovery due to their high nitrogen content, the 

low biodegradability of the organic matter represents an important bottleneck. 

This is because low biodegradability usually results in low current densities (as 

shown in this thesis), thus limiting the chances for energy recovery and 

threatening the economic feasibility of BES. Here, using easily degradable co-

substrates (as frequently done in anaerobic digestion) can provide part of the 

solution to improve the overall performance.  

Another question that deserves attention is the downstream process required to 

recover the nutrients present in the catholyte. Developing viable and cost-

effective nutrient recycling schemes that combine several nutrient recovery 

technologies in a single process can be the basis to build up a breakthrough 

concept for the fertilizer industry. One possible scheme is shown in figure 8.1, 

which represents the combination of a bioelectrochemical system with a previous 

acidification and a subsequent precipitation. Biological acidification would 

increase the concentration of phosphorus in the liquid and crystallization would 

allow to obtain a final product with market value, creating a new value chain. 

Finally, techno-economic studies and life cycle assessment would be desirable 

to have a clearer idea of the economic prospects and the real environmental 

footprint of the use of BES for nitrogen recovery.  
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Figure 8.1. Process diagram which combine bioelectrochemical systems with other 

nutrient recovery technologies. 

 

di 
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8.3. CONCLUSIONES 

Los sistemas bioelectroquímicos ofrecen la posibilidad de recuperar el nitrógeno 

de las aguas residuales de una forma energéticamente eficiente gracias a su 

capacidad para aprovechar la bioenergía presente en la materia orgánica. Sin 

embargo, aunque las primeras experiencias con plantas piloto ya se han llevado 

a cabo y dan esperanza al desarrollo de esta tecnología, el uso de BES para la 

recuperación de nutrientes todavía necesita la optimización de parámetros 

operativos. A este respecto, y respondiendo a los objetivos expuestos en el 

capítulo 2, pueden extraerse las siguientes conclusiones: 

1. En cuanto al estudio del efecto de la tensión aplicada, el tipo de catolito y 
el tamaño del reactor sobre la recuperación de nitrógeno de dos residuos 

orgánicos diferentes (digerido y purín) mediante la tecnología MEC, las 

principales conclusiones son las siguientes: 

⊕ La tensión aplicada no parece tener un efecto notable en la recuperación 

de nitrógeno, tal vez debido al hecho de que en los fenómenos de 

transporte la difusión predomina sobre la migración debido a la baja 

densidad de corriente 

⊕ La baja densidad de corriente es causada por la escasa biodegradabilidad 

del purín y del digerido. 

⊕ El uso de PBS como catolito permite controlar el pH, evitando también la 

aparición de precipitados y la pérdida de nitrógeno por volatilización. 

⊕ Duplicar el tamaño del reactor no parece tener un impacto claro en la 

densidad de corriente y tampoco en la eficiencia de recuperación de 

nitrógeno. 

 

2. En relación con el estudio del efecto del tiempo de operación en la 
membrana de intercambio catiónico y en las comunidades microbianas 
del ánodo de dos celdas de electrólisis microbianas semipiloto (16 L) 

diseñadas para la valorización de purín de cerdo, se puede afirmar que: 

⊕ Parece haber una estratificación vertical de ciertas poblaciones 

microbianas.  
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⊕ Existe una relación mutualista entre las bacterias fermentativas y 

electroactivas en una MEC alimentada con un sustrato fermentable.  

⊕ La capacidad de intercambio iónico de la membrana parece estar más 

afectada por las modificaciones superficiales que por la degradación de la 

estructura interna.  

⊕ La producción de hidrógeno y la recuperación de amoníaco hacen de este 

proceso un reclamo para la economía circular. 

 

3. En cuanto a la caracterización del rendimiento de un sistema 
bioelectroquímico de 150 L, diseñado para la eliminación de carbono y 

nitrógeno, las principales conclusiones son las siguientes: 

⊕ Las eficiencias de eliminación de Carbono Orgánico Total (COT) y 

Nitrógeno Total (NT) son casi insignificantes cuando el reactor fue 

operado como MFC. 

⊕ Las eficiencias de eliminación de COT y NT alcanzan casi el 100% varias 

veces cuando el reactor se opera como MEC usando aguas residuales 

como sustrato. Sin embargo, las eficiencias de eliminación disminuyen 

cuando se usa el sobrenadante de digestión anaerobia como sustrato. 

⊕ El consumo de energía del sistema está dentro de los valores 

tradicionalmente atribuidos a los sistemas aeróbicos convencionales.  

⊕ El proceso de desnitrificación en el cátodo está limitado por la columna de 

nitrificación, que no puede convertir todo el amoníaco en nitrato. Como 

resultado, es necesario considerar vías alternativas de eliminación de 

nitrógeno (volatilización del amoníaco y annamox) para explicar los 

resultados observados. 

 

4. En cuanto a la evolución de las propiedades de cinco tipos diferentes de 
membranas intercambio catiónico después de cuatro meses de operación 

en una MEC, se puede afirmar que: 

⊕ Nafion y CMI-7000 muestran una estructura química más robusta, aunque 

sufren la mayor modificación superficial.  

⊕ Todas las membranas revelan una mejora moderada en la resistencia 

eléctrica con el paso del tiempo. 
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⊕ Los resultados de las pruebas de impedancia distinguen dos mecanismos 

de evolución: Nafion, CMI-7000 y Zirfon muestran una disminución en la 

resistencia de transferencia de carga, mientras que el comportamiento de 

FKE y FKB puede ser definido por un modelo micro heterogéneo. 

En el transcurso de esta tesis se han puesto de manifiesto las debilidades y 

fortalezas de los sistemas bioelectroquímos para eliminar y recuperar el 

nitrógeno de las corrientes de aguas residuales de alta carga. El proceso de 

desnitrificación y la baja biodegradabilidad de la alimentación son identificados 

como los cuellos de botella de estos estudios. Sin embargo, las altas eficiencias 

de eliminación de COT y NT (cercanas al 100%) y la producción de hidrógeno 

hacen que el uso de estos sistemas para la recuperación de nitrógeno sea 

factible. Por tanto, estos resultados dan un golpe de optimismo sobre las 

perspectivas futuras de los sistemas bioelectroquímicos en la recuperación de 

nutrientes. 
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