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Abstract 14 

The aim of this study was to quantitatively assess the net increase in microalgal 15 

biomass concentration induced by photosynthetic microbial fuel cells (PMFC). The 16 

experiment was conducted on six lab-scale PMFC constituted by an anodic chamber 17 

simulating an anaerobic digester connected to a cathodic chamber consisting of a mixed 18 

algae consortia culture. Three PMFC were operated at closed circuit (PMFC
+
) whereas 19 

three PMFC were left unconnected as control (PMFC
-
). PMFC

+
 produced a higher 20 

amount of carbon dioxide as a product of the organic matter oxidation that resulted in 21 

1.5 to 3 times higher biomass concentration at the cathode compartment when compared 22 

to PMFC
-
.  23 

Keywords: photosynthetic microbial fuel cells, anaerobic digestion, microalgae, 24 

wastewater. 25 



Introduction  26 

Microbial fuel cells (MFC) are bio-electrochemical devices generating electricity 27 

from the biodegradation of organic matter under anaerobic conditions. MFC have been 28 

widely investigated as a promising technology for wastewater treatment, bioenergy 29 

production and for biosensing purposes (Du et al., 2007; Kaur et al., 2013; Kim et al., 30 

2003; Kumlanghan et al., 2007; Liu et al., 2011).  31 

MFC are typically composed of two chambers, the anode and cathode chambers, 32 

separated by a proton exchange membrane. However, there are also membrane-less 33 

MFC that exploits the naturally generated redox gradient between the anode and the 34 

cathode zones to generate electricity. Regardless MFC cell architecture, the organic 35 

matter degradation in MFC is performed under anaerobic conditions at the anodic 36 

chamber by specific bacteria (exoelectrogens) releasing CO2, electrons and protons. 37 

Electrons flow from the anode (anaerobic compartment) to the cathode (aerobic 38 

compartment) through an external circuit generating a current (Logan, 2008). Dissolved 39 

oxygen concentration (DO) at the cathode has been highlighted to be a key parameter on 40 

cell performance, being 6.6 mg/L the optimal concentration (Gil et al., 2003). Dissolved 41 

oxygen is generally provided by atmospheric air in contact with the cathode (air cathode 42 

configuration) or by active aeration. Oxygen supply to the anode and CO2 accumulation 43 

at the cathode have been highlighted among the major bottlenecks of MFC (ElMekawy 44 

et al., 2014; Venkata Mohan et al., 2014).  45 

Recently, photosynthetic microbial fuel cells (PMFC) integrating microalgae at the 46 

cathode chamber have gained interest due to their ability to not only provide an oxygen 47 

rich environment but also to remove CO2 from the cathode compartment through the 48 

photosynthetic activity of algae (Gajda et al., 2013). Recent studies reported that even 49 



small amounts of oxygen at the cathode provided by algae resulted in PMFC generating 50 

a significant current intensity (Rosenbaum et al., 2010; Venkata Mohan et al., 2009).  51 

Microalgal biomass is nowadays regarded as a promising alternative to fossil fuel 52 

resources for energy and bio-products generation (Maity et al., 2014). Furthermore, 53 

anaerobic digestion has been recently acknowledged as a suitable strategy to 54 

energetically valorize the biomass produced during the treatment of domestic 55 

wastewater with algal-based systems (Gonzalez-Fernandez, 2015; Uggetti et al., 2014; 56 

Passos et al., 2014). In spite of promising results, the economic feasibility of energy 57 

valorization of algal biomass through anaerobic digestion is currently limited by the 58 

microalgal production rates and biomass concentration, which, in turn, is highly 59 

dependent on the availability of nutrients and carbon concentration. To this regard, 60 

wastewater is currently envisaged as an inexpensive source of nutrients to enhance 61 

microalgal biomass growth and concentration (Olguin, 2012). Nevertheless, domestic 62 

sewage typically contains insufficient inorganic carbon to fully support optimal algal 63 

production (3–7 C:N ratio in sewage vs. 6–15 C:N in algal biomass) (Park et al., 2011). 64 

For this reason, the external addition of carbon dioxide (CO2) to microalgal cultures is 65 

nowadays recognized as appropriate practice to increase microalgal production.  66 

In this context, PMFC integrating anaerobic digestion at the anodic chamber and a 67 

microalgal culture at the cathode is a suitable approach to overcome carbon limitation 68 

conditions in algal-based treatment systems without the need for external CO2 supply. 69 

Accordingly, the CO2 produced at the anode of a PMFC could be diverted to the cathode 70 

chamber to enhance microalgae growth. Ultimately, higher algae biomass at the cathode 71 

would enhance, in turn, the performance of anaerobic digestion.  72 

The aim of this study was to quantitatively assess the effect of PMFC on the cathodic 73 



microalgal biomass concentration. To this end, laboratory experiments were conducted 74 

on membrane-less PMFC consisting of an anodic chamber operated as an anaerobic 75 

digester that was connected to a cathodic chamber containing a mixed consortium of 76 

microalgal biomass. 77 

Materials and Methods 78 

Experimental setup 79 

The experimental design consisted of six H-type membrane-less PMFC. Each PMFC 80 

consisted of two chambers (anode and cathode) connected by means of a silicon pipe (5 81 

cm long and 5 mm inner diameter). The silicon pipe connecting both chambers was 82 

filled with glass-wool in order to allow proton and gas exchange between the anode and 83 

the cathode chambers (Mohan et al., 2008). Each chamber consisted of a plexiglass 84 

cylinder of 20 mm height and an inner diameter of 64 mm (400 mL volume). The anode 85 

chamber was batch loaded with 290 mL of primary sludge (TSS: 46 g/L; VSS: 23 g/L) 86 

and inoculated with 110 mL of digestate (TSS: 35 g/L; VSS: 13 g/L) from a full-scale 87 

anaerobic digester (wastewater treatment plant at Sant Feliu de Llobregat, Barcelona, 88 

Spain), sealed and covered with aluminum foil in order to avoid light exposure. 89 

Sampling ports for solid and gas extraction were implemented at the upper part of the 90 

anaerobic reactor. The cathode was filled up with 400 mL of a mixed consortium of 91 

microalgal biomass collected from a pilot high rate algal pond (HRAP) treating real 92 

domestic wastewater. A detailed description of the HRAP is out of the scope of the 93 

present paper and can be found elsewhere (Passos et al., 2013; Gutierrez et al., 2015). A 94 

LED light lamp (90W) was set to illuminate the algae culture. Light cycle was set to 95 

provide light/dark periods of 12 hours each. All the chambers were subjected to 96 

continuous stirring (Multistirrer 6, Velp Scientifica, Italy).   97 



Electrodes consisted of 14 graphite rods (5 mm diameter and 10 mm long) confined 98 

in a stainless steel grid-box (2.5x3x1cm) that worked as electron collector. Stainless 99 

steel was marine grade 316 L. The electrodes were connected by means of stainless 100 

steel wires (also marine grade 316 L) and the circuit was closed by implementing a 101 

1000 ohms external resistance.  102 

In order to test the effect of PMFC on microalgal biomass concentration at the 103 

cathode, three PMFC were operated at closed circuit conditions (PMFC
+
) whereas three 104 

of PMFC were operated at open circuit (PMFC
-
) and were used as control conditions.  105 

Experimental procedure, sampling and analysis performed 106 

The anode was fed only at the beginning of the experiment. Concerning the cathode, 107 

50 mL of the mixed liquor were accurately extracted on a daily basis, and the cathodic 108 

volume was refilled with the same volume of filtered primary settled wastewater. 109 

Therefore, the cathode compartment was operated as a completely mixed algal-based 110 

treatment system operated at a hydraulic retention time (HRT) of eight days which is a 111 

typical HRT for high rate algal pond systems devoted to secondary wastewater 112 

treatment and simultaneous biomass production (García et al., 2000).    113 

At the cathode, the pH was measured on a daily basis (at 10 a.m.)  using a Crison 114 

Portable 506 pH-meter. Total suspended solids (TSS) were analyzed three times per 115 

week according to Standard Methods (APHA;AWWA;WEF, 2005). Nitrites (NO2
-
-N), 116 

nitrates (NO3
-
-N) and orthophosphates (PO4

3-
-P) were also analyzed using a DIONEX 117 

ICS-1000 ion chromatograph. Ammonium nitrogen (NH4
+
-N) was determined 118 

according to the Solorzano method (Solorzano, 1969). Biogas produced within the 119 

anodic chamber was weekly analyzed by gas chromatography in order to determine 120 

carbon dioxide (CO2) and methane (CH4) production (Agilent Technologies 7820A). 121 



Cell voltage across the external resistance of the PMFC
+
 was continuously monitored by 122 

means of a datalogger (CR1000, Campbell Scientific Inc., USA).  123 

In order to assess the statistical significance of experimental results, repeated 124 

measures ANOVA test of variance was performed using the Minitab 17.0 Statistical 125 

Software. Results were considered statistically significant at p<0.05. 126 

Results and Discussion 127 

The three prototypes followed the same voltage pattern. Accordingly, the signal 128 

increased during the first eighteen days and then it remained almost constant at around 129 

15 mV for the rest of the study period. Such low values could be attributed to the fact 130 

that neither electrodes design nor the electric circuit were optimized.  Nevertheless, our 131 

results are consistent with that previously reported by Gonzalez del Campo et al. (2013). 132 

In that case, a maximum voltage of 16 mV was reached after twenty days of 133 

experiment. Figure 1 shows the typical voltage behavior during the light and dark 134 

cycles. This pattern was already expected since the microalgal photosynthetic activity 135 

during light conditions increases the oxygen concentration at the cathode which, in turn, 136 

makes the cell voltage increase. On the contrary, under dark conditions the oxygen 137 

derived from algae photosynthesis is no longer produced and the voltage drops.  138 

The microalgal biomass concentration, here expressed as the concentration of total 139 

suspended solids (TSS) (Figure 2), was always significantly higher for the PMFC
+
 140 

(roughly between 1.5 and 3 times higher biomass concentration) than for the PMFC
-
 141 

(p<0.05). The biomass concentration of PMFC
+
 rapidly increased from about 120 mg 142 

TSS/L up to about 350 mg TSS/L, while for the PMFC
-  

biomass concentration slowly 143 

increased  up to 145 mg TSS/L. This corresponds to productivities of about 29 mg 144 

TSS/L·d and 0.25 mg TSS/L·d for PMFC
+
 and PMFC

-
, respectively. Such low 145 



productivities can be attributed to nutrients limitation. 146 

Ammonium nitrogen and nitrites measured during the experiment (Table 1) indicated 147 

significant differences between the effluent of closed and open circuit PMFC. Effluent 148 

concentrations of ammonium were very low under both conditions, indicating that the 149 

ammonium supplied was immediately consumed either by microalgae and/or oxidized 150 

via nitrification.  151 

Nitrates concentrations were significantly higher for the PMFC
- 
(around 30 mg NO3

-
-152 

N/L) when compared to the PMFC
+
 (around 3 mg NO3

-
-N/L). This was probably due to 153 

the fact that, in MFC, nitrate can be used as an electron acceptor at the cathode (Fang et 154 

al., 2011). Indeed, it has been demonstrated that exoelectrogenic bacteria can use both 155 

nitrite and nitrate as electron acceptor for nitrogen reduction, depending on the electrons 156 

flow (Puig et al., 2011).  157 

Orthophosphates were entirely consumed in PMFC
+
, while small residual amounts 158 

(up to 2.1 mg PO4
3—

P/L) were detected in PMFC
-
. The higher amount of biomass present 159 

in the closed PMFC, combined with phosphates precipitation caused by the high pH (9– 160 

10.5) probably contributed to the decrease of orthophosphates (Lau et al., 1997). 161 

Moreover, considering the higher pH values recorded in PMFC
+
 (Figure 3), it is 162 

possible that phosphates precipitation occurred as well. Likewise, the pH indicates more 163 

microalgal activity for PMFC
+
, where values oscillated between 9 and 10 (Figure 3).  164 

Algal biomass concentration here reported for the active PMFC is consistent to that 165 

stated in current literature. Accordingly, Gonzalez del Campo et al. (2013) found 166 

microalgal concentrations oscillating between 150 and 350 mg TSS/L. These authors, 167 

unlike in our current experiment, worked with a monoculture of the algae Chlorella 168 

vulgaris at the cathode chamber and fed the anode chamber with a synthetic fruit 169 



processing industry wastewater. Furthermore, it is important to note that Gonzales del 170 

Campo and co-authors (2013) externally supplied CO2 in order to promote the algal 171 

growth, while in the present study the only source of extra CO2 provided was the one 172 

produced at the anode. Indeed, in our experimental setup, the glass wool placed between 173 

the two chambers was permeable to gasses, allowing the transfer to the cathode part of 174 

the CO2 produced by the bacterial activity at the anode. The concentration of carbon 175 

dioxide at the anode chamber of active PMFC (average value of 6.6 µmol/m
3
) was 176 

significantly higher when compared to unconnected PMFC (average value of 1.6 177 

µmol/m
3
) (p<0.05). Accordingly, CO2 is generated in PMFC as an end product of the 178 

organic matter oxidation, regardless the carbon source provided (glucose, acetate or real 179 

wastewater) (Freguia et al., 2007). In this case, authors believe that the higher amount of 180 

CO2 produced in the PMFC
+
 was responsible for higher CO2 concentrations available 181 

for microalgal consumption at the cathode, and thus enhanced microalgal biomass. This 182 

result is consistent with that described by Cui et al. (2014) which found  that the supply 183 

of CO2 produced at the anode doubled the microalgal concentration at the cathode 184 

(approximately from 500 to 1000 mg/L). 185 

Unexpectedly, the production of methane was also significantly higher (p<0.05) for 186 

the PMFC
+
 (10 µmol/m

3
) when compared to the PMFC

-
 (0.9 µmol/m

3
). This may be 187 

due to the fact that PMFC enhanced not only exoelectrogenic bacteria metabolism, but 188 

also methanogenic-related metabolism. Indeed, the coexistence of exoelectrogenic and 189 

methanogenic bacteria was recently stated by Chung and Okabe (2009) reporting 190 

images of methanogenic archaea colonizing the anode surface in concomitance with 191 

several eubacteria. Moreover, at the temperatures at which the experiment was 192 

conducted (around 25°C), exoelectrogens have been demonstrated to be less 193 

competitive than methanogens for substrate (Karluvali et al., 2015). Moreover, in recent 194 



studies, Rotaru et al. (2014a, 2014b) demonstrated that Methanosaeta species and 195 

Methanosarcina barkeri (being both methane producing bacteria) can directly accept 196 

electrons through biological electrical connections for the reduction of carbon dioxide to 197 

methane and that direct interspecies electron transfer can predominate over interspecies 198 

H2/formate transfer during anaerobic digestion. Similarly, Corbella et al. (2015) found a 199 

higher abundance of Methanosaeta species in active membrane-less microbial fuel cells 200 

implemented in constructed wetlands.  201 

Microbial interactions at electrode level are still under discussion in current 202 

literature. Therefore, authors suggest that further analysis on the microbial community 203 

shall be performed to light on the synthrophic relationships that might be taking place 204 

under the experimental conditions here considered. Overall, results here reported 205 

indicated a positive effect of active PMFC on both CO2 and CH4 production probably 206 

due to the enhancement of both exoelectrogenic and methanogenic metabolic activities.  207 

Conclusions 208 

PFMC operated at closed circuit conditions enhanced metabolic activities at the 209 

anode compartment (anaerobic digester) that resulted in higher CO2 and CH4 transferred 210 

to the algae consortium at the cathode compartment. PMFC operated at closed circuit 211 

showed greater biomass concentrations than those operated under open circuit 212 

conditions (roughly between 1.5 and 3 times higher biomass concentrations). This result 213 

evidence the potential application of PMFC as a strategy to increase biomass production 214 

in algal-based treatment systems that may lead to a greater degree of energy biomass 215 

valorization through anaerobic digestion.  216 
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Table 1. Average concentration of water quality parameters measured at the influent and effluent 

of the cathode chamber along the study period. Note that statistical significance is given for the 

comparison among PMFC+ and PMFC-. 

 Influent 

Effluent 

PMFC
+
 PMFC

-
 P-value 

NH4
+
-N (mg/L) 31±2.9 0.5±0.4 0.1±0.1 <0.05 

NO2
-
-N (mg/L) n.d. 6.2±3.3 1.0±0.7 <0.05 

NO3
-
-N (mg/L) n.d. 3.4±2.7 25.9±6.8 <0.05 

PO4
3-

-P (mg/L) 4.4±0.6 0.0±0.2 1.1±1.0 <0.05 

 328 

  329 



 330 

Figure 1. Behavior of the voltage recorded in the three closed PMFC during three 331 

light and dark cycles (average and standard deviation).  332 
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 334 

Figure 2. Average and standard deviation of total suspended solids concentrations 335 

measured at the cathode compartment along the experiment for the PMFC operated at 336 

close circuit (solid circles) and the PMFC operated at open circuit (open circles). Note: 337 

each value averages three replicates. 338 

  339 

Day of experiment

0 5 10 15 20

T
o

ta
l 
S

u
s
p

e
n

d
e

d
 S

o
lid

s
 (

m
g
/L

)

50

100

150

200

250

300

350

400

PMFC
+

PMFC
-



 340 

Figure 3. Daily average pH measured for the PMFC+ and the PMFC- along the 341 

experiment. 342 
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