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Abstract

This paper describes the active oxygenation performed by photosynthetic organisms in the cathode of a two-chamber Microbial Fuel Cell system. The algal biomass supplied dissolved oxygen to the cathodic oxygen reduction reaction (ORR) in a sustainable manner through the recirculation of the catholyte connected to separate photoreactors, which acted as lagoons. Aiming towards self-sustainable applications, it has been demonstrated that catholyte recirculation could be facilitated by the MFC stack itself when a dc impeller pump was periodically powered by the electricity generated from these same MFCs.
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1. Introduction

As the cost of energy rises, many wastewater facilities are searching for more energy efficient processes. In their effort to become energetically self-sufficient, these technologies are also looking into cost effective and renewable energy sources. The advantages of biofuels are thus numerous, however the debate between food versus fuel and the impact of emissions from burning biodiesel, pushes the search for alternative and truly clean sources of energy. One of many possible solutions lies with non-combustion methods such as fuel cells. The Microbial Fuel Cell is one such solution with the added benefit of cleaner waste, which is the source of directly produced current [1] and in addition, it might be used as the power source for sensors [2] robots [3] and mobile phones [4].

To successfully implement the Microbial Fuel Cell (MFC) technology as a viable power source for practical applications on a large scale, power output, cost and operational sustainability, still require further improvement. This would exclude the employment of noble metals (e.g. platinum) and chemicals (e.g. ferricyanide) as catalysts/reagents. Improvement of the cathode oxygen reduction requires oxygen to be constantly supplied to the cathode electrode. One of the most promising attempts improving the sustainability of the system is the integration of photosynthesis into the MFC [5], recognising that illumination - and as a consequence - the level of dissolved oxygen, can effect polarity reversal [6]. Previous photo biocathode investigations showed that photosynthetic organisms can be used as active oxygenators in situ as a monoculture of Chlorella vulgaris [7], mixed culture cultivated on growth media [8] or mixed culture from natural sources cultivated in water [9]. Aiming towards practical applications, the use of mixed, wild algal cultures in the cathode chamber is more viable in comparison to monoculture, which requires aseptic conditions, pH control and continuous supply of media. However, using active oxygenators such as photosynthetic organisms in situ to perform this task has the unavoidable downside of oxygen depletion during the dark phase, where photosynthesis stops and respiration occurs [6-9]. A photoreactor connected to the cathodic side of MFCs can theoretically produce biomass and also provide oxygenation for the cathodic chamber [10]. Essentially, a photoreactor functions as an algal lagoon first described by Oswald in 1953 [11] and it has been widely used in the wastewater treatment process where the natural photosynthesis is providing oxygenation for the treatment instead of costly mechanical aeration. Nowadays, the lagooning effect is also used extensively in the wastewater treatment in the facultative ponds. Similar to this lagooning process, the photoreactors, in this present study, become reservoir tanks providing aeration for the cathode chamber. 
Microalgae are promising photosynthetic organisms in comparison to conventional biofuel crops due to their high growth rates, high CO2 fixation and lack of requirement for valuable fertile land. Moreover, their life cycle may support the wastewater treatment process [12, 13]. It has already been demonstrated that a photo biocathode can fix carbon dioxide into new biomass, whilst at the same time allowing generation of electricity from biodegradable matter [9, 10]. In MFCs, the electroactive bacteria biodegrade organic matter in the anode, and resultant cations as well as the protons diffuse through the cation selective membrane into the cathode [14, 15] where they can be further assimilated by algal growth and locked into new biomass [16] showing energy recovery. 

The current study presents the sustainable oxygenation of the MFC cathode by photosynthesis in a ‘lagoon’ manner and in addition demonstrates that the generated electricity by the stacked MFCs can be used to power a peripheral dc pump as an exemplar practical application. The produced algal biomass could furthermore be utilised as a carbon energy source in the same MFC anodes [17, 18] – a direction that will be pursued as part of this study, in an attempt to develop a fully self-sustainable system.

2. Materials and Methods
2.1. MFC design 

A total of 15 MFCs were employed using 25mL anode chambers and 25mL cathode chambers, separated by a cation exchange membrane (VWR International) as previously described [9]. Anode and cathode electrodes were made of a 270cm2 sheet of carbon fibre veil (20g/m2) (PRF Composite Materials, Poole, UK); these were folded down to approx. 17 cm3 and pierced with a nickel-chrome wire (thickness-0.45mm) for connecting to the external circuit. Further modification of cathode electrodes resulted in 5 different experimental groups (Table 1) that were employed to support algal biofilm development and current collection. Each experimental condition was tested in triplicate. No growth media, pH control or chemical pre-treatment was used during the MFC operation.
Table 1. Types of electrodes in the cathode biotic and abiotic environment.
	MFC type
	Electrode
	Catholyte
	Cathode

	Water
	Carbon veil (Control)
	tap water
	(Initially) Abiotic - (subsequently) turned biotic

	Algae
	Carbon veil
	tap water
	Biotic

	Algae string
	Carbon veil wrapped with cotton string
	tap water
	Biotic

	Algae cellulose
	Carbon veil with cellulose coating
	tap water
	Biotic

	Algae wire
	Carbon veil wrapped with stainless steel wire
	tap water
	Biotic


2.1. Inoculation and MFC operation

Activated anaerobic sludge provided by the Wessex Water Scientific Laboratory (Saltford, UK) was used as the inoculum for the MFC anodes. Sludge was mixed with 0.1M acetate prior to use (pH 7.2) and used thereon for periodic feeding. Pond water (Frenchay, Bristol) was cultivated in a well-illuminated laboratory environment for 2 months prior to the start of experiments, to allow algal growth and development. When it was colonised predominantly by photosynthetic organisms (visibly green), it was used as the inoculum for the cathode half-cell. For the first 40 days MFCs were operated in batch mode to ensure biofilm establishment and electrode colonisation. Subsequently, each of the cathode chambers was connected to the 0.5LSchott photoreactor bottles in which, again algae were re-suspended in fresh pond water (Figure 1).  Sterilised deionised water was used as the catholyte in the control MFCs. Anodes were operated in fed-batch mode, periodically supplied with fresh sludge mixed with 0.1M acetate as the carbon-energy source. Silicone tubing was used to connect the photoreactor bottles to the 16-channel peristaltic pump (205U, Watson Marlow, Falmouth, UK), which was feeding into the inflow tubes of the MFCs and which in turn were connected back to the photoreactors, as shown in Fig 5. Marprene tubing was used within the pump manifold and catholyte flow was maintained at a rate of 123mL/h. MFCs connected to the photoreactor bottles were operated in a thermostatic light incubator (LMS Ltd., Kent, UK), at 22˚C, which was fitted with Cool White Daylight Tubes (3500 lux per tube). The illumination cycle was set at 14h light/10h dark. MFCs were operated under 8.2 kΩ external resistive loads until reaching maturity. During long-term MFC operation, the control (abiotic) cathodes became serendipitously biotic, growing photosynthetic organisms in the chambers as reported earlier [9]. 
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Figure 1.Experimental set-up; two-chamber Microbial Fuel Cell with a biotic cathode connected to the photoreactor.
2.2. Data Capture and Practical implementation

MFC output was recorded in volts (V) against time, using an ADC-16 data logger computer interface (Pico Technology Ltd., Cambridgeshire, UK). Practical implementation of all MFCs connected together was demonstrated by charging a 5F super-capacitor (RS, UK) and powering a dc impeller pump (TCS Pumps, M200-S, 3V, RS, UK).
3. Results

3.1. Catholyte recirculation during day/night conditions
Figure 2 presents the open circuit voltage (OCV) of algal-based cathode MFCs. At first, the recirculation of the catholyte was switched OFF (batch mode) and the voltage level was reaching values higher than 500mV during the light phase, but decreased to 150mV during the dark period. When the pump was switched ON (black arrow) the difference between the open circuit voltage of the two phases (light and dark) decreased, suggesting that the algal growth in the photo-reactors compensated for the lack of oxygen generation in the smaller cathodic chambers (during the dark period); this is a form of hysteresis, which improved both stability and performance of the MFCs. 
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Figure 2. Open circuit voltage (OCV) values of photosynthetic cathode MFCs. 14h day/10night cycle.

In Figure 3 pumping was turned OFF once again, whilst the dark period was increased to 20h night over 4h day intervals. The voltage value of the MFCs dropped into negative values and the short period of illumination was insufficient for the MFCs to fully recover. When the recirculation pump was switched ON, once again steady open circuit voltage levels were recorded, with a lesser degree of fluctuation between the day/night cycles.
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Figure 3. Open circuit voltage (OCV) values of photosynthetic cathode MFCs. 4h day/20night cycle.
Despite the fact that photosynthesis stops inside both the MFC cathode and photoreactor flasks, the amount of oxygen concentration pooled inside the bioreactor compensates for the lack of oxygen production during the dark period inside the smaller MFC cathode chamber. This is the algal lagoon hysteresis effect, which allows the photoreactor to function as an oxygen reservoir, and depending on the hydraulic retention time, to maintain a stable supply of oxygen to the target cathode half-cell. Furthermore, the fact that the level of OCV when the pump is switched ON is identical to the voltage level when operating in batch mode under light conditions (Fig 2) may suggest that the output is a function of oxygen. 

Previous work reported on an algal growth unit as well as the spontaneous colonisation of the initially abiotic cathode by photosynthetic biofilm [9]. A similar study reported biomass being used as the substrate for anaerobic digestion in a closed loop reactor, and found the algal culture can deliver the necessary electron acceptors for the cathode without mechanical aeration [10]. Microscopic examination revealed cells of cyanobacteria and photosynthetic eukaryotes as well as heterotrophic bacteria and protozoa, thus presenting a balanced phototrophic MFC ecosystem. This synergistic interaction between photosynthetic organisms and heterotrophs exists in natural aquatic environments [19] and is used in wastewater treatment lagoons [11], as well as in sediment-type MFCs [20]. This interaction is monitored in the present study, by the use of MFC in open circuit conditions suggesting its practical use as an environmental sensor.
3.3. Practical implementation
The MFCs operated in the current study require external pumping, which will impact the energy balance of a system operating remotely. In the context of self-sustainable systems operating off-the-grid, it was attempted to demonstrate that this pumping can be energised by the MFC stack itself. A dc impeller pump was powered continuously by the energy produced from these same MFCs (15 already described + 1 for balanced configuration). The energising of the pump was performed via a 5F super-capacitor (Fig. 5), when the MFC stack was connected in a series/parallel configuration. Under this condition, 2 MFC units were connected in parallel, and the resulting 8 pairs, were connected in series. The light/dark cycle was set again at 14h day/10h night. The super-capacitor was charged to the stack’s maximum voltage 3.09V for this configuration for 24h, which allowed the operation of the impeller pump for 67secs until the capacitor voltage decreased to 1.0V, at which point the pump stopped. Charging of the capacitor was repeated for a second time, and the voltage reached 3.04V, which took 25h and allowed the pump to run for 61secs, whereas the third time, the capacitor voltage reached 2.88V in 23h, which operated the pump for 49secs. The diminishing power output was probably due to anodic feedstock depletion, since the MFC anodes were not fed during the time of the test. It may be observed, that the voltage charging rate seemed to stabilise during the dark phase, and significantly increase after the light was turned ON. The impact of illumination becomes apparent, which emphasises the importance of exposure to solar radiation for real MFC systems. 
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Figure4. Charging of a 5F super-capacitor to run an impeller pump in ~24h intervals.
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Figure5. Demonstration of the practical implementation of the 16 MFC stack connected in a series/parallel configuration (1-MFCs, 2-supercapacitor, 3-impeller pump).

4. Discussion
The feasibility of photosynthetic cathodes, to facilitate the ORR and provide a means of electrical energy and biomass recovery, has been demonstrated in MFC systems. The mixed algal cultures did not require maintenance, carbon source, CO2 addition, pH control or growth media whereas in previous studies, high maintenance, addition of CO2 [21, 22] to improve cathode stability [23], was necessary to maintain the algal growth, however this is energy intensive. A similar concept of a photo cathode with Chlorella vulgaris has been demonstrated in MFCs [21] and in Microbial desalination cells [23] however, the laboratory set-ups require strictly controlled environments with thermal sterilisation for the monoculture maintenance. In the present study, even though the photoreactors were not kept sterile, the algal community became dominant in the cathode as has shown to be the case in sediment MFCs [20]. The advantage of mixed cultures of photosynthetic organisms and heterotrophic bacteria demonstrated the characteristics of natural ecosystems, which do not require the manual addition of CO2. Moreover, the photosynthetic activity of the dominant microalgae prevented the sub-dominant heterotrophs to consume the oxygen completely. 
The tested configuration successfully produced algal biomass, which has been previously shown to serve as a suitable anodic feedstock for the MFC system [17, 27]. The possibility of biomass recovery was previously reported by Microbial Carbon Capture Cells (MCCs), where sequestration of carbon dioxide discharged from the anode was piped through the cathodic solution containing Chlorella vulgaris [26]. Also, a self sustained sediment type of MFC was explored for producing electricity without the external carbon input; however due to its membrane-less design, dissolved oxygen produced by photosynthetic organisms, had inhibitory effects on the anode current production [20]. Here, the positive light effect was actually improving the performance of the MFC stack to power a real world application.
The algal growth provided dissolved oxygen to the cathode reaction of the MFC with two different bioenergy products: bioelectricity from the MFCs, and algal biomass production for use as a substrate. Further optimisation of the MFC configuration is still required to maximise the efficiency of the MFCs [25] and this will be the subject of further study. 
Production of advanced biofuels is very energy expensive and technologically complicated therefore, the integration of photosynthesis in the MFC cathode appears to be particularly attractive. This nutrient reclamation from waste through the photosynthetic activity of microalgae had already been recognised as having a great potential in the 1950s [12], and has been used in High Rate Algal Ponds [29]. The use of living organisms to reduce the anthropocentric impact on the environment has been a subject of environmental biotechnology. The biological reactions occurring in the algal ponds reduce the organic content of the wastewater by bacterial decomposition, and convert them through photosynthesis into algal biomass.

The benefits of algal species in wastewater treatment include high growth rate when fed with predominantly nitrogen and phosphorous rich wastewater effluents, which allows the formation of aggregates for simpler harvest. If these nutrients are supplied in the MFC, then through the membrane selective transport, cations can be supplied for algal growth. There still are many technical and economic obstacles to overcome before practical implementation is realised [30]. Therefore, the most important and economically viable integration of biomass recovery via photosynthesis [31] has been explored in an exemplar practical application as a viable demonstration of the self-sustainability potential. 
5. Conclusions

This study presents the sustainable oxygenation of the MFC cathode by photosynthetic biocatalysts in a ‘lagoon’ type scenario. This is the first time that the stack of completely biotic MFCs incorporating photosynthetic organisms in the cathode has been shown to power a practical application such as the impeller pump. Furthermore, it is allowing a route for energy abstraction from the biomass grown in the photo-assisted MFCs. The development of MFC-based technologies could help utilise locked-in waste products for energy production in a carbon-neutral manner. A presented design of the phototrophic MFC systems will make it possible to convert solar energy into biomass and electricity and possibly power the remote sensing systems for monitoring environmental conditions. 
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