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output, with a correlation with DO in the catholyte of R2=0.85 in the day and 

R2=0.52 in the night, up to an algal optical density (Abs=750 nm) of 0.2. A 

screening DoE design concluded that nitrates, which are present in eutrophic 

waters, compete with oxygen for the cathodic reduction, reducing the sensitivity of 

the sensor to photosynthetic activity, particularly at low DO.  

The long-term autonomy of the soil MFC signal output was also investigated. The 

presence of algae in the catholyte provides a continuous source of organic matter 

to the anode biofilm. The system sustained an increasing voltage from 1 to 15 mV 

continuously, for a year.  

All experiments were carried out without feeding or maintenance of the sensors, 

showing the potential autonomy of these devices. 
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Table 1.1 shows that, amongst the available sensing techniques, biosensors, 

particularly whole-cell biosensors, are the most promising technology for 

continuous and in situ environmental water quality monitoring, thanks to 

comparatively better portability, bioreceptor stability and simplicity in signal 

transduction. Extraction and purification of the sensing element is also not required, 

as is an in vivo test. Whole cells contain multiple sensing elements, such as 

enzymes and organelles, that can be targeted simultaneously in a toxic event, 

producing a complex signal with lower selectivity than other biosensors based on 

single sensing elements [13].  

Table 1.1. Comparison of current methods for water quality monitoring. 

Method Type Advantages Disadvantages Ref. 

Analytical 

HPLC 
GC 

GC-MS 
Capillarity 

Electrophoresis 
Colorimetric methods 

Flame atomic 
absorption spectrometry 

Accuracy 
Sensitivity 
Specificity 

Time consuming 
Sample pre-treatment 
Expensive equipment 

Lab-based 
Single compound 
No synergic effect 
Skilled personnel 

 
[14] 
[15] 
[12]  

 

Bioassay 

Fish 
Invertebrates 

Microbes 
Algae 

Mixtures 
Synergistic effect 
Biological impact 
Detection range 
Bioavailability 

Low specificity and 
sensitivity 

Difficult to handle 
Slow response 

Ethically objectionable 
Can be expensive  
Low reproducibility 

[11] 

Biosensor 
Electrochemical 

Optical 
Piezoelectric 

Sensitivity 
Bioavailability 

Portable 

Needs transducer 
Long-term stability 

Power supply 
Bioreceptor stability 

[10] 
[16] 

 

Electrochemical whole-cell biosensors can be portable and could operate 

autonomously in the field, but the long-term performance, autonomy and reusability 

of the sensors need to be improved to achieve efficient field-based water quality 

monitoring. Microbial Fuel Cell (MFC) sensors are a relatively novel type of whole-

cell electrochemical biosensors that could solve these issues.   

1.2 Microbial Fuel Cell sensors 

A microbial fuel cell (MFC) is a galvanic cell comprising two electrodes, anode and 

cathode, immersed in an electrolyte, where chemical energy is converted into 

electrical energy by the action of electroactive bacteria. The magnitude and shape 
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of the MFC signal output is closely related to the bacterial metabolism, becoming 

a direct indicator of the impact of toxicants in microorganisms [17] (Figure 1.2).  

At the anode, always biotic, organic carbon is oxidised to CO2, electrons and 

protons or else, CO2 is photocatalytically reduced to sugars [18]. At the cathode, 

either abiotic or biotic, migrated charged species reduce an oxidant (i.e. oxygen, 

nitrate, ferricyanide, manganese oxide) [19]. As the overall electrochemical 

process is exothermic, the signal output is self-powered, reducing the energy input 

required to operate the sensor.  Additionally, because a transducer is not needed, 

the design of a MFC sensor is relatively simpler than other biosensors. 

 

Figure 1.2 Principles of operation of an MFC sensor. When the toxicant is in contact with 

the biofilm, a change in the electrical response is recorded. The biofilm is the sensing 

element containing the bioreceptor and the transducer.    

 

The field of MFC sensors is rapidly developing, with important improvements in 

long-term stability and performance over the past few years [18]. However, most 

of these studies are investigations of lab-based designs under controlled 

conditions. Practical designs, suitable for in field applications, as well as the 

performance evaluation of the sensor operating in real conditions, are required to 

fully develop MFC sensors for environmental water quality monitoring. Additionally, 

calibration models that can cope with high uncertainty and variability of the sensors 

signal are needed. This PhD thesis is an effort to overcome the limitations holding 
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Chapter 3 explains the fundamentals of energy generation in a MFC sensor. It 

includes a discussion of the different mechanisms for extracellular electron transfer 

in bacteria, differentiating between direct and mediated extracellular electron 

transport. The electrochemical principles, energy balance and most common 

chemical reactions are described. The chapter ends with an overview of the 

electrochemical techniques used to characterise the MFC energy balance.  

Chapter 4 provides the principles of Design of Experiments (DoE), the 

methodology implemented in this work to calibrate the sensor and study the 

influence of environmental factors in the signal. The steps to perform a factorial 

DoE on a MFC sensor are provided as a guideline to understand the experimental 

procedures of Chapters 7 and 8. 

Chapter 5 describes the proof of concept of a MFC sensor, with a cathodic algal 

bioreceptor, for atrazine detection in water (Objective 1). Disturbances in the 

photosynthetic activity of algae are detected via oxygen reduction at the cathode. 

The performance of two cathode materials, carbon felt and indium-titanium oxide, 

are compared in terms of sensitivity, response time and signal recovery to toxic 

events of atrazine. Chapter 5 also introduces the analysis of the signal output 

based on the inhibition ratio to eliminate the need for a stable signal baseline 

(Objective 2). 

Chapter 6 presents a novel, floating, ceramic-based, soil MFC (CSMFC) with an 

algal biocathode to detect pesticides in water via oxygen reduction reaction 

(Objective 1 and 3). Variations in photosynthetic DO due to toxicity are traduced 

into changes in the electrical signal output. The response, recovery and autonomy 

of the CSMFC sensor signal to 0.1 µg L-1 of the herbicides Diuron and glyphosate 

is evaluated. The study concludes with the characterisation of the signal features 

and a comparison of the performance indicators suitable for field based MFC 

sensors (Objective 2).   

Chapter 7 presents a novel CSMFC design for continuous monitoring of dissolved 

oxygen in water (Objective 3). The influence of the most relevant environmental 

indicators: temperature, pH, conductivity and dissolved oxygen is assessed using 

a 4-factor DoE (Objective 4). Furthermore, a single-point calibration model, based 

on the 4-factor DoE regression model, is proposed to reduce the need for re-
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calibration during field operation (Objective 5). The use of the CSMFC as early 

warning system for hypoxic events is evaluated. 

In Chapter 8, the CSMFC sensors are evaluated for early detection of 

eutrophication, by monitoring algal activity through changes in photosynthetic 

dissolved oxygen (Objective 3). The calibration model developed in Chapter 7, is 

validated in this study highlighting its limitations to accurately predict the sensors 

output in this particular case (Objective 5). Chapter 8 also introduces a saturated 

DoE as a screening tool to identify the most important operational and design 

factors affecting the performance of the sensor (Objective 4).  

The long-term stability of soil MFCs is addressed in Chapter 9 (Objective 6). 

Enrichment of the soil in algal biomass is presented as an option to ensure a 

continuous supply of organic matter in unattended operation. The effect of adding 

algae in the catholyte is assessed in terms of current output and soil organic 

content, in a year-long study.  

Finally, Chapter 10 provides a summary on the key findings in this Thesis and 

offers guidance for future studies. 
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Increasing pollution sets unprecedented challenges on water security that requires 

effective water quality monitoring to identify and control the source of 

contaminants. To provide an online and in situ status of water quality indicators, 

the development of sensing technologies, capable of autonomous and stable long-

term operation is key. Microbial Fuel Cell (MFC) sensors have shown suitable long-

term stability and autonomy to meet these requirements. MFC sensors have 

therefore attracted great attention in the last decade, with extensive results that 

were the object of several reviews. With the aim to provide direction to accelerate 

the implementation of MFC sensors, this review focuses on field applications, 

capturing key advances and limitations for long-term and unattended monitoring.  

In addition, the most relevant performance indicators for MFC sensors as early 

warning systems are identified, and algorithms to process the sensor signal for 

pollution events in environmental conditions are described. Finally, novel designs, 

materials and methods are proposed to solve some of the issues for practical 

implementation of MFC sensors in the environment.  

 

Keywords: Early Warning System, Electrochemical Biosensors, Microbial Fuel 

Cell, Water Quality. 
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2.1 Microbial Fuel Cell as sensors for water quality monitoring 

The first report of an MFC sensor dates back to 2003, when Kim et al. correlated 

the MFC signal with the organic content in the anolyte. The initial promising 

performance and long-term stability, up to 5 years [1] turned the attention towards 

MFC sensors, with various publications on detection of pH [2], volatile fatty acids 

(VFAs) [3, 4], pathogens [5], copper [6] chromium, iron, nitrate, and sodium acetate 

[7] ,cadmium [8], zinc [9] or pesticides [10],  at constant organic loads and 

controlled environmental conditions. Although MFC sensors are already 

commercialised as benchtop detection devices for biological oxygen demand 

(BOD) and toxicity, widespread deployment of MFC sensors in the field remains a 

challenge.   

To the best of our knowledge, the first study of an MFC sensor in the field was in 

2007, to monitor uranium biodegradation in boreholes [11]. Here, the voltage 

output correlated with acetate, added to enhance uranium biodegradation. The 

sensor signal served as a proxy to monitor, and amend, the input of acetate to 

optimise uranium removal, over a period of 261 days. Acknowledging the particular 

suitability of MFC sensors for low income countries, in 2017 Velasquez et al. 

implemented low-cost sediment, and floating MFCs as early warning systems to 

detect faecal infiltration into a groundwater reservoir in Tanzania [12]. Although 

simple and effective, detection errors due to a high noise/signal ratio were 

important in this system. In the same year, Pasternak et al. designed a fully 

autonomous BOD sensor for anoxic waters. To reduce the signal noise, the output 

was converted into the frequency domain, as light and sound signals that worked 

as a detection beacon [13].  

To push forward field applications, evaluation of the MFC sensor performance 

under field conditions is a must, yet the effect of materials, designs and operational 

conditions has been evaluated mostly in controlled conditions.  Similarly, 

performance [14] and manufacturing [8] are assessed in a lab-based context. 

The aim of this review is therefore to provide an overview of the most relevant 

findings and challenges of MFC sensors for practical environmental 

implementation. First, performance indicators for in field applications, which may 
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diverge from lab-based studies, are defined. MFC designs for environmental, off-

grid monitoring of water quality are then discussed, focusing on enhancing 

robustness and long-term stability. Finally, the calibration methods and detection 

algorithms applicable in real scenarios are discussed.   

2.2 Performance indicators for field based MFC sensors 

 

Figure 2.1 Scheme of performance indicators and main influential factors.  

2.2.1 Selectivity  

One of the major limitations in selectivity in MFC sensors, is the dependency of the 

anodic activity on the organic content in the anolyte. In lab-based studies, this issue 

is minimised by operating the system at saturating concentrations of BOD, 

generally using pumps, which is impractical for field applications [15, 16]. Soil 

based anodes [17] or solid anodic electrolytes (i.e. agar or alginate solidified 

medium) could circumvent this problem by supplying a long-lasting and constant, 

saturating concentration of organic matter to the anode [18]. Alternatively, 

performing the detection of toxicants under open circuit voltage (OCV) stabilises 

the anode potential, reducing its dependency on the organic content [19]. 

Regarding the choice of electrode, biocathodes are less prone to error than 

bioanodes [20]. In a biocathode, the combined shock of BOD and toxicants, 

change the signal in the same direction, having an additive effect. In bioanodes, 

the signals follow different directions and cancel each other, resulting in a 

confounded signal prone to error Type II [15].  
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Biocathodes are also subjected to error if the toxicant is abiotically reduced at the 

cathode [20, 21]. Simultaneous monitoring of both electrodes could improve the 

detection efficiency. An MFC sensor with two bioreceptors, a bioanode and a 

biocathode, was connected sequentially to obtain a time series signal with two 

components. This study obtained enhanced sensitivity and lower chance of false 

negatives with respect to single electrode, due to the additive but separately 

identified effect of each electrode in the overall signal [22]. 

Although selectivity is inherently poor in whole-cell biosensors, some degree of 

classification could be achieved based on the properties of the analyte and the 

bioreceptor. Analytes can be clustered by their redox properties. For example, due 

to its relative higher potential, Cr6+ was selectively reduced at the cathode of a 

sediment MFC from a mixture of Pb2+, Zn2+, Cu2+, Ni2+, Co2+, Cd2+, glucose, acetate 

and cellulose [23]. In this context, factors like pH, conductivity [11],  electrode 

potential and external resistance [24] could be set to promote the electrochemical 

reaction that involves the analyte of interest.  

Regarding bioreceptors, single culture biofilms are more selective than mixed 

cultures. Maintaining a pure culture is not feasible in the environment, however, a 

degree of selectivity towards electroactive bacteria is observed in biofilms 

colonising electrodes under applied potential. Geobacter spp. are naturally 

selected on a graphite electrode (80% population) in biofilms grown on sludge [25], 

anaerobic soil or marine sediment  [11] at 0.4 V vs. Ag/AgCl. Geobacter and other 

strong electroactive bacteria generate electricity mostly from acetate and lactate, 

increasing the selectivity of the sensor to these compounds in mixtures [26].   

The metabolic inhibition pathway of the pollutant could also be considered as a 

selection vector. Stein et al. classified the signal during a toxic shock, based on the 

enzymatic mode of action  [27]. In another study, CuSO4 and 1-cyclohexyl-2-

pyrrolidone were independently detected in a mixture of volatile organic 

compounds by considering the inhibition point of the toxicant in the electron 

transport chain [28].  

Photosynthetic and autotrophic bioreceptors are especially interesting to improve 

the sensor autonomy, as they rely on CO2 and light, and are particularly suited to 

detect herbicides that specifically attack photosynthesis [29]. Depending on the 
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was attributed to the differences in anodic microbial communities enriched in the 

biofilm at different resistances.  

Sensitivity is closely related to selectivity.  When the anode of an MFC was 

challenged with 10 mg L-1 of NaNO3, the IR was seven times larger at OCV than 

at closed circuit, due to selective oxidation of nitrate over acetate  in the former 

case [19].  

The use of biocathodes as the bioreceptor in MFC sensors is a promising option 

to improve sensitivity. Under the same enrichment and operational conditions, the 

sensitivity to formaldehyde was twice higher with a biocathode than a bioanode 

[20]. The sensitivity of biocathodes depends on the electrode potential during 

enrichment. The sensitivity of a biocathode enriched at -0.2 V vs Ag/AgCl was 

significantly superior than at 0 and -0.4 V vs. Ag/AgCl, which was attributed to a 

selective growth of Nitrospirae at -0.2 V over more diverse community at other 

potentials [40]. 

It is expected that prolonged exposure to toxicants exert a selective pressure on 

the microbial community towards toxicant tolerant organisms, reducing the 

sensitivity of the sensor [41]. After repeated shocks of 4- nonylphenol, a shift in the 

community towards toxicant tolerant bacteria was observed. The non-electrogenic 

degradation of 4-nonylphenol increased from 15 to 47 % after repeated shocks, 

reducing the sensitivity of the MFC sensor over time [65]. Similarly, a shift of the 

biofilm community to weak electrogenic bacteria was seen after prolonged exposed 

to Cr (VI), which decreased the electron conversion efficiency in the system [23]. 

2.2.3 Response time 

Tables 2.1 and 2.2 report the response time of several field based MFC sensors. 

The variability of the designs challenges the comparison of results. For BOD 

detection in field operations, defining the response time as the time to reach the 

maximum height of the signal peak (i.e. voltage), would be appropriate as it does 

not rely on a steady baseline over time [35]. Yet this approach assumes a single 

maximum peak for each event, when multiple peaks and flat asymptotic curves are 

common signal features in real water samples [34]. Alternatively, the response time 

can be defined as the time to reach a threshold in the signal variance after the toxic 
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event. This threshold point would ideally be defined based on the variance of long-

term historical datasets in non-toxic conditions [12].  

Recently, Pasternak et al. measured the response time as the time to reach the 

minimum voltage required to switch on an LED beacon to warn of BOD infiltrations. 

The frequency of light emission correlated with the BOD concentration providing a 

straight forward detection tool [13]. 

In the case of cyclic signals, characteristic of photosynthetic MFCs, the response 

time can be defined as the time lag to reach a threshold of 50% of photosynthesis 

inhibition [43]. Alternatively, the signal can be linearised by transforming it into 

accumulated charge. 

Overall, the response time improves at low Rext, low flow rates [37]), high 

concentration of analyte [13, 48] and small ratio of electrode/bioreceptor area [45]. 

2.2.4 Detection limit  

The limit of detection (LOD) is the minimum concentration of analyte that causes a 

significant change in the signal output. The lack of standardisation in the threshold 

( 3:1 [16, 45] or 5:1 [46] signal to noise ratio) complicates the comparison of studies. 

A statistical approach, based on a time series, that measures the change of 

variance over time, might be a more appropriate method to determine the LOD, as 

it does not rely on a steady baseline.  

The LOD can be improved by using oligotrophic biofilms, more sensitive to low 

concentrations of analyte [47], miniaturising the electrodes to reduce mass 

transport limitations, avoiding side reactions (i.e. oxygen cross-over to the anode) 

[48] or using several MFCs hydraulically connected in series [16]. 

2.2.5 Biosensor recovery 

Reusability of the bioreceptor would greatly improve long-term unattended 

operation of the MFC sensors. The degree and time of recovery of the biofilm 

electroactivity, after exposure to the toxicant event in an MFC sensor is linked to 

flowrate, feed composition, nature and concentration of analyte  [48] and the type 

of electrical control [41]. 
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Table 2.3. Summary of characteristics and analytes detected with floating MFC sensors. 

 
WWTP: wastewater treatment plant 
PMS: Power management system 
CFV: Carbon Fibre veil 
PPE: Polyphenylene Ether  
CC: Carbon cloth 
AC: Activated carbon

Analyte 
Sensing 
element 

Design Separator Anode  
Inoculum 
/ anolyte 

Cathode 
Startup/ 

day 
Sensitivity 

LOD / 
mg L-1 

Time Stack Ref. 

Urine Anode Tubular Terracotta CFV   AS 
CFV 
PTFE  

5 
0.021 Hz 

min 
57.7  

5 
months 

4 [13] 

WWTP 

Anode 
Tubular 

(small boat) 
Terracotta CF 

Denitrifica
tion tank  

AC  15 - - 

3 years 

16 

[56] 

Anode 
Tubular 

(big boat) 
Terracotta CF AC  15 - - 32 

Anode Flat large PPE felt  CC  CC  30 - - 1 

Anode 
Flat 

medium 
PPE felt  CC  CC  30 - - 4 

Anode Flat small PPE felt  CC  CC  30 - - 6 

Cu Anode Flat NA CF  
Mixed 
field 

MnO/ C   23.5 
(LC50) 

10 days 1 [44] 

Oil Cathode 

Upward 
Open 

Channel 
circular 

NA CC  WW 
CC/ Pt/C 

Teflon 
 32.1 mV 

mL-1 
0.5 mL  1 [90] 
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optimum electrode surface area ratio can be determined through polarisation of the 

individual electrodes [57, 63] or capacitive tests [64].  

2.2.7 Autonomous operation 

Autonomy of MFC sensors requires passive feeding and in situ generation of 

power, to record and transmit the signal. Resilience of the hardware to 

environmental conditions is also crucial for autonomous, long-term operation.  

The typical low organic content in water bodies is a challenge for MFC sensors. A 

shift in the carbon source from BOD to ubiquitous and readily available CO2 can 

be done using autotrophic biofilms. Evidence of direct electron transport is not yet 

reported in these systems and it is believed that the electron transfer takes place 

via soluble redox mediators [65, 66], impractical for field operation. The use of a 

sacrificial anode, based either on metals like Mn [67] or solid electrolytes [18], has 

demonstrated stable and autonomous operation for several months.  

Regarding solid anolytes, stable production of 111 and 105 µW over 2.5 months 

was achieved with gelatine and alginate hydrogels, in lab-bench experiments [68]. 

Long-term stable operation was also achieved with anolytes based on natural 

substrates, such as hummus, sawdust, peat and manure [69]. Substrate 

degradation rates can be customised varying the percentage of organic and 

inorganic carbon and clays. The combination of inert sawdust and bioactive 

hummus for example, provided the longest stable power output, of five months 

[69]. Algal assisted soil and sediment MFCs or plant MFCs, in which organics are 

replenished at the anode by the indirect action of photosynthesis [70], are 

particularly interesting for long-term operation.  

Oxygen reducing biocathodes are promising bioreceptors for long-term, 

autonomous monitoring of heavy metals and organic pollutants in tap water [71]. 

The extended lifetime, up to eight months, high working potential (0.2 V vs. 

Ag/AgCl), lack of added nutrients and short response time of 1 min demonstrate 

the suitability of biocathodes as bioreceptors for autonomous biosensors  [72]. 

The energy needed for potential control [28], charge pumps, maximum power point 

trackers, data loggers and data transmitters can be sustainably supplied by other 

MFCs [60, 73], solar panels [44] or wind turbines [67]. Due to low power output of 
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An overview of the analytes detected with paper MFC sensors is shown in Table 

2.1. The limit of detection for heavy metals is in the range of mg L-1, while for 

pesticides it is the range of µg L-1. Stacking several paper MFC sensors improves 

sensitivity due to a larger baseline. Paper MFC stacks can be compact and easily 

done by folding the paper [51]. 

Despite the fast degradability of paper, relative long-term continuous operation of 

paper MFC sensors could be realised, as studies showed biofilm recovery few 

hours after the toxic event (Table 2.1). Using ceramic instead of a paper matrix 

could improve the durability of screen-printed biosensors. The use of ceramics as 

separators is extensive in MFC for power generation, due to their adequate 

permeability, biofilm attachment, ion exchange capacity and durability properties 

[83], but is still unexplored as support for MFC sensors.   

 

 

Figure 2.3. Paper based MFC designs. Membrane-based online sticker for WW 

monitoring [50]. Screen printed biosensor for toxicity detection in water [51]. Paper MFC 

sensor with conductive reservoir for bacterial attachment [52].  

2.3.2 Sediment-based biosensors 

Sediment MFC sensors consist of an anode, immersed in sediment and a cathode 

floating in the overlaying water. Sediment MFCs are particularly suitable to operate 
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in oceans, where the seafloor acts as the electron reservoir for the anode, and the 

high conductivity of seawater reduces the ohmic resistance [73].   

Electrodes are commonly made of carbon felt, graphite rods or stainless steel. Both 

anode and cathode were reported as sensing elements for sediment MFC sensors 

(Table 2.2), although due to the lack of separator, the toxicant probably diffuse to 

both electrodes, working as a dual bioreceptor.  

Sediment MFCs have been widely tested to monitor BOD in water bodies (Figure 

2.4). A sediment MFC sensor was installed in boreholes, to control the supply of 

acetate for uranium biodegradation in groundwater [11] (Figure 2.4A). Velasquez 

et al. tested four designs to monitor BOD (Figure 2.4B), where the anode was either 

embedded in sediment or floating on the water [12]. In another study, the anode 

activity was used to warn of the excessive accumulation of organic matter in 

sediments, which causes oxygen depletion in the  water above and greenhouse 

emissions [55]. In this study, seven horizontally and vertically spaced anodes (3 

cm and 1 cm respectively) provided a profile of oxygen and availability of electron 

donors in the sediment (Figure 2.4C). 

Sediment MFCs were also used to detect eutrophication [54] and stratification [53], 

and to monitor dissolved oxygen in environmental waters.  Stratification in a 

shallow lake was detected with a multi-cathode sediment MFC (Figure 2.5A) [53].  

The rate of cathodic oxygen reduction reaction dominated the sensors electrical 

output, providing a profile of oxygen in the water column. In another study, the 

signal of a sediment MFC operating in a coastal bay (Figure 2.5B), correlated 

directly with the variations in temperature and DO, and indirectly with tidal, 

irradiance, algal blooms and rainfall events [54].  The ohmic drop due to the 

distance between electrodes did not affect the signal, probably as a consequence 

of the high conductivity in seawater. 
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Figure 2.4 Sediment MFCs for organic matter monitoring. (A) Monitoring of microbial 

activity for uranium remediation [11]. (B) An early warning tool for faecal infiltration on 

groundwater wells [12]. (C) Sediment bulking sensor [55].  

 

As reported in Table 2.2, the upper limit of DO detection in sediment MFCs is 

around 5 mg L-1 , larger than the minimum 2 mg L-1 necessary to sustain aquatic 

life [84]. Sediment MFC could therefore work as early warning systems for hypoxic 

events. 

 

Figure 2.5. Sediment MFCs for DO monitoring. (A) Monitoring of DO in a water column of 

a shallow lake with a  sediment MFC with vertical cathode array  [53]. (B) Multi-cathode 

SMFC deployed in an eutrophic bay [54].  
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Sediment MFCs can also be used as early warning tools for toxicity, particularly to 

monitor oxidants at the cathode with higher potential than oxygen, like Cr (VI) [23].  

Alternatively, plant MFCs have been recently proposed to monitor acid rain [85]. A 

plant MFC is a particular type of soil MFC, where the anode is enriched in organic 

matter excreted by the plant roots. In this study, the organic matter produced by 

the plant Oryza sativa japonica provided a sustainable source of electrons to the 

anode. When the plant was exposed to acid rain, modelled as a mixture of HNO3 

and H2SO4, the signal baseline dropped, with an IR of 77%. The signal recovered 

after two toxic events but was irreversibly lost after the third event, coinciding with 

the loss of green pigmentation in leaves due to the permanent damage of 

photosynthesis. The acid rain, plant MFC sensor showed a response time of 2 min. 

The current correlated with the change in the total organic carbon in the roots 

produced by the toxic event, suggesting a fast transfer rate of the perturbation from 

leaves to roots.  These findings imply that plant MFCs can be very effective as field 

biosensors to monitor toxic compounds affecting photosynthesis [85]. 

The distance between electrodes in sediment MFCs limits their application in 

waters with low conductivity [54] due to high ohmic resistance. In Floating MFCs, 

on the other hand, electrode spacing is minimised thanks to the  use of separator 

[48, 59] reducing the dependency of the sensors output on water conductivity. 

2.4.3 Floating MFC biosensors 

Floating MFCs are self-contained devices where the anode is submerged in water 

and the cathode can be either submerged or exposed to air. Floating MFCs were 

designed to monitor BOD [56], urine [13],  oil spills [86] and toxic contamination 

[44] in freshwater bodies. 

In these devices, the anode is generally exposed to high concentrations of oxygen 

that poison electroactive bacteria and reduce the energy efficiency of the sensor. 

Highly porous [87] or filamentous [88] anodes, are densely colonised by bacteria 

that consume the oxygen on the bulk interface, creating anaerobic areas at the 

electrode interface. Covering the anode with  a thick, porous polymeric [44] or 

ceramic layer [60], or embedding the anode in soil [60], are proposed approaches 

to reduce the oxygen flux into the anode.  
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Several floating MFCs sensors were successfully implemented in the field (Table 

2.3).  Light and sound beacons were powered with a floating ceramic MFC in 

presence of urine (Figure 2.6A).  A floating MFC sensor enriched in oligotrophic 

bacteria could sustain current to detect Cu in water with low organic content  

(Figure 2.6B) [44]. Several low-cost, floating configurations using ceramic 

separators were deployed to monitor BOD in the anoxic tank of a wastewater 

treatment plant (Figure 2.6C) [56]. In the last study, cathode colonisation by 

photosynthetic organisms was observed, opening opportunities to monitor oxygen, 

solar radiance and algal blooms. 

In other study, oil spills were detected with a floating MFC (Figure 2.6D) with a 

cathodic sensing element. Reduction of oxygen at the cathode relied on diffusion 

of air into water, which was blocked when oil covered the water surface, provoking 

a drop in the signal output [86].  

 

 

Figure 2.6. Field based floating MFC sensors: (A) Detection of urine in water with a beacon 

EWS [13]. (B) Detection of metals in river water [44]. (C) Sludge monitoring with floating 

boats and flat MFC [56]. (D) Monitoring of oil spillages [86].  
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2.4.4 Algorithms to detect contamination  

For unattended operation, re-calibration of the MFC sensors should be avoided. 

This can be done implementing models that account for drifts in the baseline. 

Calibration models are however seldom carried out in real conditions and are 

mostly run as one factor at the time, thus neglecting interferences between factors 

[23, 89]. Design of Experiments (DoE) is a statistical approach that identifies the 

most influential factors and provides a calibration model where both the main 

effects and their interactions are considered [90]. Machine learning tools provide 

interesting algorithms to predict the signal in non-steady conditions. Artificial Neural 

Networks were implemented to correlate the geometrical signal features  a MFC 

sensor with the type and concentration of substrate, and presence of toxicants [91].  

Algorithms to implement MFC sensors as decision making tools are classified as 

baseline methods and signal processing methods  [92]. In baseline methods, the 

averaged deviation between the observed and predicted responses is measured 

over time and compared to a threshold value. If the averaged deviation is greater 

than the threshold value, an alarm is triggered. A drawback of baseline detection 

methods is that they cannot differentiate well between noise and signal. Data 

driven methods correlate signals of sensors spatially distributed to minimise the 

noise [93]. 

2.4.5 Outlook and future perspectives 

Robustness, autonomy and low specificity make MFC sensors particularly suitable 

for early detection of global water pollution. As such, performance indicators for 

field applications should aim at reducing false alarms rather than accurately 

determining analyte concentrations. The procedures to obtain these indicators 

should be standardised to facilitate the comparison of different studies. 

Overall, the key technological bottlenecks for environmental implementation of 

MFC sensors are to: decouple the signal components in a combined shock of 

BOD/toxicant; provide a steady, passive supply or organic matter to the anode, 

and stabilise the baseline with respect to environmental variations.  
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To solve these issues, a solid anolyte could provide long-lasting, slow-release 

source or electron donors. This would also reduce the dependency of the anodic 

activity on the organic content in the tested water. The applied external resistance 

also has an important influence on several indicators. A fixed Rext/Rint ratio to 

achieve optimal selectivity, sensitivity, response time and stability, could be 

maintained implementing a feedback loop that accounts for variations in internal 

resistance over time. 

Selectivity could be improved by integrating the MFC sensor in a multisensory 

platform with pH, DO, temperature and conductivity probes; and using biocathodes 

or sequential bioanode/biocathodes as bioreceptors.  

Further research is needed to determine the recovery degree of the bioreceptor, 

as well as the biofilm resistance to multiple toxic events. Should the damage be 

irreversible, an array of biofilms covered with protective layers (i.e. alginate) of 

increasing thicknesses that slowly dissolves in water, could act like a time series 

array of sacrificial bioreceptors. 

Regarding designs, paper MFCs are ideal for single use diagnostics. The stability 

of the sensor could be improved using more robust support materials like ceramics. 

For continuous monitoring, floating plant MFCs outstand for long-term monitoring 

thanks to the constant release of organics by the plant roots. 

Recent advances in power management systems allow long-distance transmission 

of the sensors readings. The long-term stability of these systems under real 

environmental conditions needs further study. Long-term data sets of MFC sensors 

operating in the field must be generated to improve the signal treatment and 

decision algorithms, in order to minimise the errors as early warning tools in 

environmental waters. Equally, a holistic approach to calibrate the sensor (i.e. DoE) 

is recommended to account for the impact of variable environmental factors on the 

signal output.  
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membrane bound proteins in the electron transport chain, driven by a potential 

difference [3]. This movement of electrons across the inner membrane generates 

a proton gradient that powers the generation of adenosine triphosphate (ATP), to 

be used in anabolic processes in the cell. When the final electron acceptor is 

outside the cell, some microbes, known as electroactive bacteria [4], can 

externalise electrons via quinones, cytochromes or NADH/FADH2, a process 

known as extracellular electron transfer [5]. This is the mechanism taking place in 

MFCs to carry the electrons from bacteria to the electrodes. 

Extracellular electron transport requires charged molecules to cross hydrophobic, 

non-conductive membranes (Figure 3.1). Electricigens have developed specific 

pathways to allow charged molecules to travel across these barriers. The known 

mechanisms for EET are classified as direct and mediated electron transfer, 

depending on whether the electron transfer from the cell to the electrode is on one 

or several steps. 

3.1.1 Mechanisms for Direct extracellular Electron Transport (DET) 

The mechanisms for DET in bacteria include direct contact of membrane bound 

proteins with the electrode, and excretion of pili appendages and long-distance 

nanowires. DET occurs more frequently in dissimilatory metal reducing bacteria 

with a thin peptidoglycan [6].  The exact mechanism of DET remains largely 

undefined but is believed to be via electron hopping [7] and/or metal-like 

delocalised charge [8]. The MtrABC complex in Shewanella oneidensis MR-1 is 

the best known DET pathway, followed by the porin-cytochrome complex in 

Geobacter sulfurreducens [9].  

3.1.1.1 MtrABC complex in Shewanella oneidensis MR-1 

Figure 3.1A shows the machinery for EET in S. oneidensis MR-1. The MtrABC 

complex is composed of six multiheme cytochromes that transfer electrons from 

the cytoplasm to external metals like Fe (III). The electrons exit the respiratory 

electron transport chain from the quinone pool in the inner membrane (Q-QH2), are 

oxidised by cytochrome Cym-A and then released into the periplasm, where they 

are carried by two Cyt-C: Fcc and a small tetrahedral cytochrome (STC), to the 

outer membrane. In the outer membrane, the decaheme MtrA cytochrome in the 
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Figure 3.2. Biological redox potentials of possible endogenous electron donors and 

acceptors in extracellular electron transport. Based on [5].  

 

Mediators are conjugated molecules, often pyridines and quinones, that exchange 

electrons with the environment driven by a potential gradient. In EET, the redox 

potential of mediators lies between the outer membrane potential and the anode 

potential, being oxidised by bacteria and reduced at the anode, in cycles. The 

process is however not self-sustaining due to loss of mediator by diffusion. To solve 

this, electricigens can immobilise redox active molecules at the electrode, by 

adsorption, forming biofilms, or with electrostatic forces [18]. Artificial adsorption 

[19] and electrodeposition [20] of mediators on electrodes have shown promising 

improvements on the stability of the bioreceptor. 
























































































































































































































































































































































