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In Microbial Fuel Cell (MFC) technology, electrical energy is generated from organic matter using microorganisms that adhere to the electrode surface as an electrochemical catalyst. In this work, anaerobic sludge and garden compost leachate were used as microbial sources and organic matter from agro-industrial wastes was used as fuel to produce electricity. Substrate and inoculum selection was achieved in Electrochemical Cells (EC) and their combinations were then evaluated in MFC. Substrate concentration and operational temperature were evaluated in EC for optimal current density generation and maximal removal of Chemical Oxygen Demand.

INTRODUCTION

Microbial fuel cells (MFCs) are bio-electrochemical devices that convert chemical energy to electricity through the catalytic activity of microorganisms. Research on MFCs has increased very fast due to the promising dual results obtained: generation of electrical energy and intensification of waste treatment.

In MFCs, bacteria oxidize organic matter (electron donor) in the anode compartment and the electrons from metabolic redox reactions are collected by the anode. The flow of electrons through the external circuit from the anode to the cathode generates the electrical current. Protons and cations migrate from the anode compartment to the cathode compartment through a separator or a selective membrane to achieve charge balance. The oxygen (electron acceptor) is reduced at the cathode surface with the electron coming from the external circuit to finally produce water [START_REF] Rabaey | Microbial ecology meets electrochemistry: electricity-driven and driving communities[END_REF]]. Fuel for MFCs can be either pure compounds or complex mixtures like organic industrial wastes. Organic matter present in wastes is used as a substrate by microorganisms for their growth, activities and maintenance. A part of the substrate is oxidized to produce CO 2 , water and more biomass, so organic matter reduction in MFCs can be considered as a biological waste treatment.

Current generation and waste treatment efficiencies are dependent, among other things, on the fuel or substrate, the electro-chemically active inoculum, batch or continuous feed, stirring, temperature, the electrode material, and also on reactor design. The greatest challenge in developing this technology is process optimization to achieve energy yields beyond W/m². This work focused first on the evaluation of a combination of inoculum and fuel to maximize the efficiency of the anode. Substrate concentration and operational temperature were also optimized to improve electrical energy production and waste removal in MFCs. The study was carried out in standard three-electrode electrochemical cells (EC) using a potentiostat to control the anode potential. ECs were used here as screening tools to evaluate the best inoculum/fuel combination and then to evaluate the effect of the operating parameters on the efficiency of the anodes in well controlled conditions before implementing them in MFCs.

MATERIALS AND METHODS

Inocula. Anaerobic sludge from an urban wastewater treatment plant or leachate prepared in the laboratory from garden compost were used as the source of electrochemically active microorganisms.

Substrates. Fermented apple juice (FAJ) to simulate apple waste leachate was prepared in the laboratory; wine lees (WL) and yogurt waste (YW) were supplied by local industries and used as fuel.

Experimental devices. Two-compartment MFCs consisted of two culture flasks (500 mL), which formed the anodic and cathodic chambers, joined by a tube supporting a proton exchange membrane (Ultrex CMI-7000, Ø = 3 cm). Graphite felt (2x5x1 cm) was used as the anode and platinum mesh (2x5 cm) as the cathode. A reference Ag/AgCl electrode was placed in each chamber to determine the potential of the anode and cathode. Potentiostatic tests were carried out in three-electrode electrochemical cells of 200 mL. Graphite felt (2x5x1 cm), platinum mesh (2x5x1 cm) and a Saturated Calomel Electrode (SCE) were used as the working, counter and reference electrodes respectively.

Operational conditions. MFCs and ECs were operated in batch mode. MFCs were connected to a 1000 Ω external resistance. The anolyte was either quiescent or stirred at 350 rpm using magnetic barrels. Raw substrate was periodically added into the anodic chamber. MFCs were operated at room temperature.

The effects of substrate concentration and temperature on current generation were studied in three-electrode ECs. Yogurt waste dilutions of 20, 50, 100 and 200 with phosphate buffer solution (final COD between 870 and 8700 mg/L) were used in substrate tests with anaerobic sludge as the inoculum. Operational temperature tests were carried out with yogurt waste and compost leachate as substrate and inoculum respectively, the ECs being placed in water baths at 10, 30, 40, 50, and 60°C.

Analysis. MFC performance was determined by monitoring the cell voltage, and the anode and cathode potentials with time. MFC polarization curves were obtained by varying the external resistance from 100 to 56000 Ω, and measuring the cell voltage using a Keithley multimeter. Chronoamperometry and cyclic voltammetry were performed in ECs using a VSP potentiostat (Biological Science Instruments, Inc.) with EC-Lab 9.1 software. In chronoamperometry, a potential in the range of +0.3V to +0.7V/SCE was imposed on the working electrode. In cyclic voltammetry, current density was plotted against potential when the imposed potential was scanned cyclically between the limits -1.0V and +1.0V/SCE at a 10 mV/s scan rate. Waste treatment was determined as COD removal with a Hach 8000 kit (Hach France, S.A.S.) and protein removal by the Lowry protein determination method.

RESULTS AND DISCUSSION

Assessment of substrates and inocula

Three substrates: fermented apple juice (FAJ), wine lees (WL) and yogurt wastes (YW) were evaluated without inoculum to test their capacity to form electroactive biofilms on the anode by themselves. Chronoamperometry was performed at constant potentials of +0.3, +0.5 and +0.7V/SCE. Current density obtained with fermented apple juice and wine lees dropped to 50 mA/m 2 for all potentials. The evolution of the current was due to the direct oxidation of some compounds contained in the fuel but it was not related to the formation of a microbial anode. In contrast, the current density generated with yogurt waste increased after an initial lag-time of a few days to reach to a maximal value around 250 mA/m 2 in 12 days. Such behaviour corresponded to the progressive formation of an electro-catalytic microbial biofilm on the electrode surface [START_REF] Dulon | Electroactive biofilms: new means for electrochemistry[END_REF].

Anaerobic sludge and compost leachate without any substrate generated maximal current densities of 110 mA/m 2 and 150 mA/m 2 respectively. Maximal current was reached in a shorter period with sludge but the current was sustained for a longer period with compost leachate.

Chronoamperometry results predicted best MFC performance using compost leachate as the source of electro-catalytic microorganisms and yogurt wastes as fuel.

Microbial fuel cell performance

A sludge-inoculated MFC was evaluated with respect to anolyte stirring and substrate addition (Fig. 1). Anolyte stirring improved the MFC performance immediately in an MFC fuelled with fermented apple juice, indicating previous mass transfer limitations and the need for anolyte circulation in this system, unlike the MFC fed with yogurt waste, which was not affected by stirring. Stirring has already been identified as an essential operational parameter in MFCs [START_REF] Min | Electricity generation from swine wastewater using microbial fuel cells[END_REF].

Substrate addition increased power density up to the saturation limit (Fig. 1). The last substrate addition no longer improved the power above 35 mW/m 2 in the MFC fed with yogurt waste or above 15 mW/m 2 with fermented apple juice. The observation of the saturation kinetics in power generation due to substrate concentration agrees with previous reports [START_REF] Kim | Electricity generation and microbial community analysis of alcohol powered microbial fuel cells[END_REF][START_REF] Liu | Production of electricity from acetate or butyrate using a singlechamber microbial fuel cell[END_REF][START_REF] Zuo | Electricity production from steam-exploded corn stover biomass[END_REF]]. The ratio X/S between the concentration of the inoculum (X) and the substrate (S) was varied from 1/1 to 1/9 to evaluate its effect on MFC performance. Anolyte from a previous MFC (50 mL) was mixed with diluted substrate (450 mL) and power generation was followed over 7 days. The power density diminished continuously from 17x10 -2 to 3x10 -2 mW/m 2 with wine lees (WL), and from 35 to 3 mW/m 2 with yogurt waste (YW). In contrast, power density with fermented apple juice remained stable at 13-14 mW/m 2 (Fig 2). Fig. 2 Effect of inoculum/substrate ratio X/S on MFC performance. MFC inoculated with sludge and fuelled with fermented apple juice (FAJ), wine lees (WL), or yogurt waste (YW). X/S = 1/9

The decrease of power density with wine lees and yogurt waste may be due to a rise in fermentable compounds, where fermentative biomass was promoted, and limited substrate availability to the biofilm on the anode [START_REF] Freguia | Competition and interaction between fermentation and electricity generation at microbial fuel cell anodes. 11 th IWA World Congress on anaerobic Digestion[END_REF]]. The unchanged performance with FAJ suggests that this system was controlled by the electro-microbial kinetics.

Compost-leachate-inoculated MFC were fuelled with fermented apple juice or yogurt waste. Addition of fermented apple juice resulted in a power peak, whereas addition of yogurt waste gave stable power values (Fig. 3). These results suggest that the components related to current generation in fermented apple juice were in low concentrations. Substrate addition confirmed that the saturation value was 23 mW/m 2 for fermented apple juice and 44 mW/m 2 for yogurt waste. The performance levels determined by power curves were P max = 78 mW/m 2 (J max = 298 mA/m 2 ) with a substrate of fermented apple juice, and P max = 92 mW/m 2 (J max = 650 mA/m 2 ) with yogurt waste substrate.

MFC experiments indicated that optimal system was given by an anode inoculated with compost leachate and fuelled with yogurt waste, as predicted previously in electrochemical cell tests. 

Substrate concentration and COD removal

The effect of substrate concentration on current generation was determined by chronoamperometry in the system of anaerobic sludge fed with yogurt waste. Chronoamperograms were composed of three sections (Fig. 4): an initial baseline corresponding to buffer solution, then a slight increase in current due to inoculation with sludge and, finally, 10-fold current enhancement when sludge suspensions were eliminated from the electrochemical cells and sludge biofilm on the anode was supplied with yogurt wasted dilutions. Cyclic voltammograms, COD and protein removal were determined during the experiments. Current density was enhanced by high substrate concentrations, as observed by current peaks in the chronoamperograms and oxidation peaks in the voltammperograms (Table 1). Current density observed in cyclic voltammetry was around ten times as high as that observed in chronoamperometry. This was possibly a result of a mixed process of current generation involving biotic and abiotic oxidation of compounds in the medium. COD and protein removals were not directly related to substrate dilutions. In order to determine how much of the consumed substrate was converted into energy, the variation in COD (CODr) was related to the Coulombic charge produced, expressed as COD (CODe) and reported as CODe/CODr. CODe was calculated from current integration with the relationship:

V n F MW C CODe O ⋅ ⋅ ⋅ = 2 Eq. 1
Where C is the charge resulting from current integration, MW O2 is oxygen molecular weight (mg/mol), F is Faraday's constant, n is the number of electrons transferred (4 mol electrons/mol COD) and V is the volume of the electrochemical cell (L).

A fair percentage of substrate was converted into current (CODe/CODr) as shown in Table 2. Current density generation was enhanced by high substrate concentrations. Conversely, Coulombic efficiency (organic matter converted in energy) increased with low substrate concentrations, in agreement with previous reports [Heilmann and Logan, 2006;[START_REF] Min | Electricity generation from swine wastewater using microbial fuel cells[END_REF]]. Thus, the process must be optimized in terms of Coulombic efficiency to obtain high current densities treating wastes with high organic contents.

Effect of temperature on microbial and electrochemical kinetics

The effect of temperature on current generation was determined by chronoamperometry in the system using compost leachate fed with yogurt waste. Maximal current generation increased with temperature from 10 to 40°C but performance decreased at 50°C, indicating that the population responsible for current generation was slightly thermophilic. The maximal current density reached at 40°C (1450 mA/m 2 ) was lower than that reported by [START_REF] Jong | Enrichment, performance, and microbial diversity of a thermophilic mediator-less microbial fuel cell[END_REF], where an MFC inoculated with thermophilic, anaerobic-digester effluents and fed with acetate was operated at 55°C, generating 9030 mA/m².

The current peaks observed in chronoamperograms were plotted against temperature (Fig. 5). Activation energy was estimated using the Arrhenius equation, assuming that current density and specific growth rate were correlated:

      - ⋅ = ≈ RT E A I a exp µ Eq. 2
where I is density (A/m²), µ is specific microbial growth rate (h -1 ), A is a constant (h -1 ), Ea is the activation energy (J/mol), R is the ideal gas constant (8.317 J/mol⋅K), T is temperature (K). The activation energy for microbial growth was 84 kJ/mol. This value is close to usual values related with microbial growth, 26 -58 kJ/mol [START_REF] Yongjun | Study on the thermokinetic properties of bacterial growth[END_REF]]. Thus it was considered that current density correlated well with specific growth rate. This correlation could be used in modelling studies. 

CONCLUSIONS

In this study it was found that tests performed in electrochemical cells enabled microbial fuel cell performance to be predicted in a short time, easily, in well controlled conditions and in a more economical way than in MFCs.

The best inoculum-substrate system to optimize current generation was compost leachate fuelled with yogurt wastes. This system could be exploited to treat wastes from food industries. Moreover, it was demonstrated that anode performance could be enhanced by increasing the substrate concentration and operating at around 40°C.

In addition to electricity production, it was observed that waste treatment in terms of COD and protein removal was significant even when MFC and EC designs were not the usual ones for bio-reactors for waste treatment. Thus, work remains to be done on design optimization.

Fig 1 .

 1 Fig 1. Effect of stirring and substrate addition in sludge-MFC fuelled with fermented apple juice (FAJ) and yogurt waste (YW). a) Stirring at 350 rpm. Substrate addition: b) 1 mL, c) 1 mL, d) 2 mL. Ratio X/S = 1/1

Fig 3 .

 3 Fig 3. Effect of substrate addition (arrows) in MFC inoculated with compost leachate and fuelled with fermented apple juice (FAJ) or yogurt waste (YW).

Fig 4 .

 4 Fig 4. Effect of YW concentration on current produced by anaerobic sludge biofilm on graphite felt electrode. (A) Chronoamperograms at imposed potential of +0.3V/SCE, a) Sludge inoculation, b) Refilling of EC with yogurt waste dilutions. (B) Cyclic voltammograms at scan rate 10mV/s recorded at end of chronoamperometry.

Fig 5 .

 5 Fig 5. Effect of temperature on current density generation in compost leachate biofilm on graphite felt electrode fuelled with YW.

Table 1 .

 1 Performance in chronoamperometry and cyclic voltammetry of anode inoculated with sludge and fuelled with yogurt waste dilutions. Jmax, maximal current density (mA/m²).

	Yogurt	Jmax during	Jmax during substrate	Jmax for peaks	COD	Protein
	waste	biofilm	consumption	of oxidation	removal,	removal,
	dilutions	formation	(chronoamperometry)	(cyclic	percent	percent
				voltammetry)		
	20	18	156	1838	36	43
	50	10	119	1501	21	27
	100	12	128	1355	36	62
	200	11	130	1057	21	69

Table 2 .

 2 Percentage of COD removed converted to current.
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