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Abstract: Microbial Fuel Cells (MFCs) are an area of increasing research for use as an alternative 

energy source, due to their ability to produce electricity while simultaneously treating organic 

waste. This meta-study determines the optimal MFC configuration for electricity production, 

through consideration of the biocatalyst and substrate used. This study focuses primarily on 

comparing the use of mixed microbial consortia to pure strains of biocatalyst, and the use of waste 

water in contrast to simple substrates such as; acetate, glucose, and lactate. The use of algae as a 

substrate, and as a biocatalyst, is also investigated. In this study, only single and dual chamber 

MFCs are compared, and power density standardised to anode surface area (mW/m2) is used as a 

metric to facilitate the comparison of different experimental setups. This meta-study shows that 

dual chamber MFCs, using simple substrates, when catalysed by mixed culture biocatalysts, 

produce greater power densities, than algae, and complex substrates, with average power densities 

of 280, 70 and 30 (mW/m2) observed respectively. In single chamber MFC configurations, mixed 

culture biocatalysts have been observed to yield approximately double the power output of pure 

culture biocatalysts. 

Keywords: Microbial Fuel Cell; MFC; algae; biocatalyst; wastewater; mixed microbial consortia; 

dual chamber; single chamber 
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Glossary 

MFC Microbial Fuel Cell, device that converts the chemical energy of organic 
molecules into electrical energy via redox reaction. 

Power Density mW/m2, power output standardised against anode surface area, to 
facilitate comparison. 

Substrate Fuel input to the MFC. An organic molecule oxidised by a biocatalyst at 
the anode. 

Biocatalyst Microorganism used to liberate electrons from the substrate, commonly 
bacteria. 

PEM 
Proton Exchange Membrane, a semi-permeable membrane separating 
the anode and cathode chambers in a dual chamber MFC. Facilitates the 
transfer of ions between chambers, but blocks molecules. 

Exo-electrogens 
Microbes that possess the ability to transfer electrons from substrate 
material to anode surface, occurs through various biological 
mechanisms. 

Microbial Consortia A community of multiple microbes, often undefined, as that harvested 
from wastewater, or defined, such as that synthesised. 

1. Introduction

A microbial fuel cell (MFC) is a device that directly converts the chemical energy of an organic substrate 
into electrical energy via redox reaction. MFCs most commonly consists of separate anode and cathode 
chambers separated by a proton exchange membrane. Electrons are liberated from the substrate through 
an oxidation reaction, and then flow via the anode, through a resistive load and to the cathode. At the 
cathode, the electrons are then used to reduce a catholyte, most commonly oxygen, completing the 
electrochemical redox reaction [1]. For example, the oxidation of acetic acid in the anode chamber is 
shown in Equation 1, followed by the general cathodic reduction half Equation of oxygen, shown in 
Equation 2 [2]. 

𝐶"𝐻$𝑂"	+	2𝐻"𝑂
)*+,-.-/01.
2⎯⎯⎯⎯⎯⎯⎯4	2𝐶𝑂" + 8𝑒7 + 8𝐻8 (1) 

2𝑂" + 8𝑒7 +	8𝐻8 → 4𝐻"𝑂	 (2) 

1.1 Biocatalysts in MFCs 

An MFC is characterised by the fact that an active microorganism is used to catalyse the oxidation reaction 
in the anode chamber. As such, the anode chamber must remain an anaerobic environment to prevent the 
microbes from photosynthesising, which would inhibit electricity production [2]. The PEM allows protons 
to migrate from the anode chamber, to the cathode chamber, while preventing molecules such as oxygen 
from entering the anode chamber [4]. 

Once liberated from the substrate material, electrons must be conveyed to the anode surface in 
order for electricity to be conducted. Electron mediators may be used for this purpose, however these 
chemicals are consumable, and often toxic, so will not be considered in this paper [4]. Rather, some 
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microbes, referred to as exo-electrogens, possess the ability to transfer electrons directly from the substrate 
to the anode surface. There are a number of known biological mechanisms through which these exo-
electrogens can conduct electrons to the surface of the anode, such as; the formation of so called 
‘nanowires’, the excretion of non-toxic mediators, and direct conduction through the formation of a 
‘biofilm’ on the surface of the anode [5,6]. Such biological mechanisms are, however, not the topic of this 
meta-study, and as such, are not investigated in any further detail. These mechanisms must be highlighted 
however, as it is reasoned that electron conduction may be enhanced by the simultaneous presence of a 
combination of these electron conduction mechanisms. This study will therefore investigate the 
performance of mixed microbial consortia in MFCs. 

Although pure microbial cultures may be used to catalyse the anodic oxidation reaction, it is often 
easier to obtain mixed microbial consortia. This mixed microbial consortium may be undefined, such as 
that harvested from waste water, or a synthesised and therefore defined consortia [7]. Literature has shown 
that microbes are most often sourced from readily available, natural sources such as; wastewater 
(household, industrial & agricultural) [3,4, 8-12], landfill leachate [13], and manure [14]. Pure microbes 
are also readily used [9].  

1.2 MFC Configuration 

Research has shown that dual chamber MFCs are the most commonly investigated MFC configuration. 
The dual chamber MFC is characterised by the two separate anode and cathode chambers. An overview 
of a typical dual chamber MFC is shown in Figure 1 below.   

Figure 1: The fundamental design of a dual chamber MFC. Substrate and microbes are shown in the anode 
chamber, a proton exchange membrane separates the cathode chamber. Electrons are liberated from the substrate 
in the anode chamber via oxidation reaction, flow from anode to cathode via a resistive load, and are reduced at 

the cathode chamber, completing the redox reaction [1]. 

Other MFC configurations such as single chamber MFCs are also regularly referenced in literature. 
Single chamber MFC's contain one common chamber shared by both the anode and cathode as shown in 
Figure 2. The lack of a PEM is the major distinguishing factor between the two configurations. These 
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types of MFCs generally contain an air exposed-cathode, however this is not necessary to the design; for 
the purpose of this study however we have limited our single chamber designs to this air-exposed cathode 
style [15]. 

Figure 2: Single chamber configuration showing anode and cathode within the same chamber. No separation 
between each area of the chamber and the presence of an air-exposed cathode as shown [15]. 

1.3 Algal MFCs 

The use of algae in MFCs is the subject of much research currently, due to its diverse use, and the range 
of benefits the algae provide [4, 7-8, 14, 16-19]. Algal biomass may be introduced to the anode chamber, 
to provide a fuel source, or alternatively, algae may be photosynthesised in the cathode chamber to 
sustainably produce oxygen for the reduction half reaction [7, 17, 19] Some more complex algal MFCs 
employ an external ‘photo bioreactor’ to externally photosynthesise the algae, producing oxygen to 
catalyse the cathode chamber reduction reaction, and using the waste algae biomass as a substrate in the 
anode chamber [14, 17]. Algal MFCs are hence increasingly researched, due to their ability to provide a 
self-sustaining MFC solution. Figure 3, shown below describes a dual chamber algal MFC, where algae 
is photosynthesised in the cathode chamber, and algal biomass is introduced to the anode chamber. 

The most commonly used algae strain identified in literature is, C.vulgaris [4, 7-8, 14]. Other algae 
used in MFCs include U.lactuca [8] and blue-green algae [7, 12]. 
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Figure 3: Typical dual chamber, algal MFC design. Algae is used in both anode and cathode chambers. Algae 
may be used as a substrate in the anode chamber, or photosynthesised in the cathode chamber to produce oxygen 

for the cathode reduction reaction [14]. 

1.4 Thermodynamics of MFCs 

The simplest way to evaluate the thermodynamics of an MFC, is in terms of the electromotive force 
(EMF). The net EMF of an MFC is defined as the potential difference between the cathode and anode 
electrodes, Equation 3. That is, the difference in reduction potential between the cathode and anode redox 
reactions. The work done by the MFC is therefore equivalent to the product of net EMF and the electron 
charge transferred from the anode to the cathode Equation 4 [1]. 

𝑉?@A = 𝑉C-.D+EF − 𝑉HI+EF 	 (3) 

𝑊 = 𝑉?@A ∙ 𝑄	 (4) 

From Equations 3 and 4, the net work done by the MFC is directly attributed to the anodic half 
reaction. With the Coulombic charge and the anode EMF directly attributed to the substrate used in the 
MFC, it is obvious that the choice of substrate will heavily impact the power output of the MFC. 

The cathode reduction potential, however, also impacts the net work done by the MFC. As such, 
identical anode conditions coupled with different cathode conditions will yield different MFC power 
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output. Thus, to ensure the results presented in this metastudy are comparable, cathode conditions will be 
kept identical in terms of EMF. 

As mentioned, oxygen is commonly reduced at the cathode. Ferricyanide however, is also 
commonly used as an electron acceptor in MFCs. [1, 9, 20-22]. The reduction potential of oxygen 
compared to ferricyanide is shown below; 

𝑂" + 4𝑒7 + 4𝐻8 → 2𝐻"𝑂 = 1.229𝑉 

𝐹𝑒(𝐶𝑁)R
S7 + 𝑒7 → 𝐹𝑒(𝐶𝑁)R

$7 = 0.361𝑉 

The availability of oxygen cathode MFC experimental setups is sufficient to allow the restriction 
of this metastudy analysis to exclude ferricyanide. Additionally, ferricyanide is toxic and hence not used 
in many of the algal MFCs studied [4]. However, a summary of this literature search is provided as an 
appendix, including those studies which have used artificial electron mediators such as ferricyanide. 

With the cathode conditions kept constant, the anode conditions can then be varied, to determine 
the effects of MFC substrate and biocatalyst. While simultaneously logging net EMF and current, a 
variable resistor connected between the anode and cathode electrodes, can be used to determine the peak 
power output by the MFC, this process is often referred to as polarisation [23]. Since the surface area of 
the anode will limit the rate at which electrons can flow to the cathode, and hence the work the MFC can 
do, MFC power output must be standardised against anode surface area, to allow the valid comparison of 
different MFC setups [1]. Thus, the most universal comparison metric is maximum power output per unit 
area of anode surface, Equation 5;  

𝑃 =
𝑉?@A ∙ 𝐼
𝐴HI+EF

	 (5) 

More comprehensive analysis of the thermodynamics of an MFC, shows that the maximum work 
done by the MFC may be related to the free energy change of the net reaction. The reaction is evaluated 
using Gibbs free energy, as it is more likely the MFC will remain at constant temperature and pressure, 
rather than at constant volume [24]. 

𝑊 = ∆𝐺 = −𝑛𝐹𝑉?@A	 (6) 

For a reversible chemical reaction, such as that occurring in an MFC, the Gibbs free energy is given 
by; 

∆𝐺 = ∆𝐺] + 𝑅𝑇 𝑙𝑛 𝛱	 (7) 
Where ∆𝐺] is the Gibbs free energy under standard conditions, calculated from the known energies 

of formation of the substrates introduced to the MFC, and Π is the reaction quotient, which is equivalent 
to the activities of the products divided by that of the reactants [1, 24-25].  
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We also know that for isobaric and isothermal processes, the Gibbs function states that the change 
in Gibbs free energy is equivalent to the difference between the change in enthalpy, and the amount of 
heat produced by the reaction, shown in Equation 8 [24]; 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆	 (8) 

This analysis is particularly useful, as it shows the effects of temperature change on the MFC net 
voltage. The relationship shown in Equation 9 is yielded by taking the partial derivative of Equation 8, 
with respect to pressure. Note, as above, VNET refers to MFC net potential, not volume. 

e
𝜕𝑉?@A
𝜕𝑇

g
h
=
∆𝑆
𝑛𝐹
	 (9) 

Since the chemical reactions occurring in the MFC are reversible, the Entropy change of the 
isolated MFC is therefore negative. As such, from Equation 9, the net potential of the MFC will decrease 
if temperature is increased [24]. 

1.5 Factors affecting the efficiency of MFCs 

The observed potential difference across the MFC anode and cathode is consistently lower than that 
theoretically shown above. The three primary causes for these losses can be attributed to; internal 
resistance, activation energy and bacterial metabolism [1]. In dual chamber MFCs the PEM is the greatest 
contributor of internal resistance. Losses due to activation energy refer to the energy used in transporting 
electrons from the biocatalyst to the anode surface. Similarly, bacterial metabolic losses refer to that energy 
consumed by the bacteria in metabolising the substrate material. As such, physical constraints and current 
technology limit the maximum MFC power output [1, 6]. 

2. Methods

The research databases Science Direct, Google Scholar and Scopus were used to find the research articles 
referenced in this meta study. Initially "Microbial Fuel Cells (MFC)" was used to form the basis of our 
searches, and publications were restricted to those articles published between 2010-2018 in order to ensure 
the most recent research was investigated. Searches were then restricted via the addition of key terms such 
as "Algae," "Biocatalyst," "Substrate," and "Fuel Source" as these were observed to be the most influential 
factors to MFC performance. As we began to collect data and identify the key types of substrates and 
biocatalysts we would study, we further refined our search terms and removed publication year 
restrictions. At this point we focused on obtaining quality publications as defined by the number of 
citations. 

Energy output in Power Density was determined to be the most universal and comparable value 
across the papers researched. If mW/m2 was not published in the paper, we would calculate this value by 
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standardising power output to the anode surface area. This allowed us to compare values across multiple 
papers much easier through this standardised value. With the data collected from all of our sources we 
sought to investigate any potential relationships between power density and different variables. Variables 
such as substrate, configuration (single vs double chamber), biocatalyst, and even the size of different 
working models were all researched and compared. A tabulated summary of all our research is provided 
as an appendix for reference. 

Graphs were then created once enough data had been found, to make it easier to determine any 
trends in the results. Large outliers were identified within our data that we could not explain. As a result, 
these particular papers were re-analysed to determine any distinguishing factors or trends that could have 
caused this. It was discovered that in all of these setups, the presence of Ferricyanide was a common 
recurring substance. Ferricyanide changes the oxidation reaction that occurs at the cathode, thus to keep 
variables constant these papers and results were omitted to ensure a more consistent and valid comparison. 

From these finally selected results, two styles of graphs were produced to show the results. Box 
and whisker and scatter plot graphs were selected to display these results as we believed these gave the 
best representation of our data. Initially 3 box and whisker graphs were chosen to display our results, 
however due to the inaccuracy of this style, these were later changed to scatter-plots to give a more 
transparent view of the results. These graphs more clearly show the differences between each substrate 
and biocatalyst used.  

3. Results and Discussion

A comprehensive summary of all results obtained from this literature search are provided as an appendix, 
presented in a table format. This table also includes all experimental setups that were later found to contain 
artificial electron mediators in the cathode chamber. MFC configurations containing electron mediators 
such as ferricyanide, although not analysed, are still included in this appendix, for future reference. 

Analysis of 20 individual, first hand investigations, comprising 54 different experiments, have 
yielded the following results. This meta-study has focused on investigating relationships between 
maximum power output and; MFC configuration, substrate and biocatalyst. These findings have been 
analysed, and are summarised in the graphs produced below; 

3.1 Biocatalysts in MFCs 

The primary purpose of this meta-study with regards to MFC biocatalysts, is to investigate the differences 
between pure, and mixed culture biocatalysts, to ideally make a recommendation as to how the biocatalyst 
should be implemented in an MFC to maximise power density. Figures 4-6 are presented below, to 
highlight the differences observed between single and mixed culture biocatalysts in single and dual 
chamber MFC configurations. Power Density values for Rhodopseudomonas Palustris were extrapolated 
from the data provided in paper 26, Wastewater Treatment Plant 8 and Wetland Consortium, values were 
calculated from paper 27. 
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Figure 4: Single chamber MFC experimental setups, showing maximum power density for pure and mixed 
microbial cultures. 12 data points are presented. Note the trend that mixed culture biocatalysts yield approximately 
double the average power output of pure cultures, in single chamber configurations. Note, Power Density values 
for Rhodopseudomonas Palustris were extrapolated from the data provided in paper 26, Wastewater Treatment 

Plant 8 and Wetland Consortium, values were calculated from paper 27. 

From Figure 4, the collected data suggests that mixed culture biocatalysts can achieve 
approximately double the power output of pure culture biocatalysts in single chamber MFCs. Data 
collected for dual chamber configurations, as shown in Figure 5, does not present a clear trend. With the 
exception of one outlier, all pure culture, dual chamber setups yield power densities between 3 and 50 
mW/m2, while mixed culture MFCs yield a much broader spread of data, ranging from as low as 13.5 
mW/m2 in one experiment, to as high as 283 mW/m2 in another. 

Figure 5: Dual chamber MFC experimental setups, showing maximum power density for pure and mixed 
microbial cultures. 25 data points are presented. The relationship between pure and mixed culture biocatalysts in 

dual chamber MFCs is far less profound. 

30

PAM Review 2018



The diverse spread of data shown in Figure 5 must be attributed to differences in the substrate used. 
This literature search, although quite comprehensive, is limited in that experimental setups are very 
different between publications. It was not possible on all occasions, to restrict analysis to one single 
variable. As such, and as in this case, to compare biocatalysts in dual chamber MFCs, experimental setups 
using different substrates were compared. It must be noted that this approach is not ideal, nor scientifically 
robust, however can still provide some insight into the effect the biocatalyst has on MFC power output. 

Figure 6: Data summarised from Figures 4 and 5, to highlight the differences in maximum power density 
produced by single and dual chamber MFCs, when pure and mixed culture biocatalysts are used. 

From Figure 6, the difference in power output between single and dual chamber MFCs is shown 
clearly. Across all substrates used, single chamber configurations consistently produce more power than 
dual chamber MFCs. This trend is likely attributed to the PEM membrane present in dual chamber 
configurations, adding significant additional internal resistance to the MFC.  

3.2 Algal Substrates in MFCs 

Using the data obtained from this metastudy, to ensure a valid comparison is made, the investigation of 
algae as a substrate in MFCs, was restricted to dual chamber setups, using mixed culture biocatalysts. 
From Figure 7 below, the average power density achieved from algal fuelled MFCs is approximately 70 
mW/m2, while complex and simple substrates yield 30 and 280 mW/m2 respectively. 
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Figure 7: Results from 16 different dual chamber MFC experimental setups, all using mixed culture bacterial 
biocatalysts. Chlorella Vulgaris is used as the substrate in 2 setups and other substrates as shown. All simple 

substrates yield greater power density than algae. All complex substrates, with the exception of Swine 
Wastewater, yield less power density than algae. 

The large difference between maximum power output for simple and complex substrates was 
expected and is likely attributed to the ease with which biocatalysts can metabolise simple compounds, in 
contrast to more complex organic structures. Algae as a substrate in MFCs does show merit, competing 
with wastewater substrates in terms of power output. The sustainable production of algae for use in MFCs 
may therefore be a viable method of electricity production.  

4. Conclusions

This metastudy has focused particularly on the use of unconventional fuel sources, such as wastewater and 
algae, and the advantages of using mixed culture biocatalysts in MFCs. Through analysis of recent 
publications reporting experimental MFC configurations, we have identified the following trends; 
Analysis of dual chamber MFCs, using mixed culture biocatalysts has shown that simple substrates 
produce greater power output at 280 mW/m2 than algal and complex substrates, which yielded 70, and 30, 
mW/m2 respectively. Furthermore, we have shown that in single chamber MFC configurations, mixed 
culture biocatalysts yield approximately double the power output of pure strain biocatalysts. We therefore 
recommend the use of mixed culture microbial consortia and complex organic substrates in all future MFC 
applications, to maximise power output. Our research has identified that algae and wastewater show great 
potential as substrates in MFCs. Published data reporting the performance of such MFCs is however 
insufficient, we would therefore encourage the continued research in these areas. 
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Appendix - Results Summary: 
Reference Power 

Density 
(mW/m2) 

Substrate Biocatalyst Configuration 

14 760.00 Glucose Escherichia coli Single 
14 91.00 Sewerage Sludge Escherichia coli Single 
14 152.00 Sewerage Sludge Escherichia coli Single 
8 980 Algae (Chlorella Vulgaris) Wastewater Single 
8 760 Algae (Ulva Lactuca) Wastewater Single 
28 0.15 - Rhodopseudomonas 

palustris 
Single 

28 112.2 Acetate rich wastewater + Butyrate rich wastewater Rhodopseudomonas sp. Single 
28 790 Dicarobxylic acid Rhodobacter sphaeroides Single 
10 670.94 Glucose Wastewater Single 
29 600 Glycerol Bacillus subtilis Single 
30 1108.29 sludge of sewage treatment plant Mixed Consortia Single 
13 1513 Landfill leachate Landfill Leachate Single 
18 2350 Kitchen Waste Anaerobically Digested Effluent (KWADE) Algae (Golenkinia sp. 

SDEC-16) 
Single 

18 1223 Kitchen Waste Anaerobically Digested Effluent (KWADE) Algae (C. Vulagris) Single 
18 267.5 Kitchen Waste Anaerobically Digested Effluent (KWADE) Algae (S.capricornutum) Single 
18 764.3 Kitchen Waste Anaerobically Digested Effluent (KWADE) Algae (Scenedesmus 

SDEC-13) 
Single 

18 1299.4 Kitchen Waste Anaerobically Digested Effluent (KWADE) Algae (Scenedesmus 
SDEC-8) 

Single 

31 10.3 Green algae Cyanobacteria 
(Synechococcus) 

Single 

12 114 Blue-green algae Wastewater Single 
12 86 Brewery Wastewater Wastewater Single 
12 172 Glucose Wastewater Single 
26 450 Acetate Rhodopseudomonas 

palustris 
Single 

26 360 Ethanol Rhodopseudomonas 
palustris 

Single 

26 360 Lactate Rhodopseudomonas 
palustris 

Single 

14 67.07 Algae (C.Vulgaris) Cow Manure Dual 
14 17.15 - Cow Manure Dual 
14 28.47 Orange Fruit Pulp Cow Manure Dual 
2 48.40 Acetate G. sulfurreducens Dual 
2 188.00 Cellulose - Dual 
2 36.00 Cyctenin Gammaproteo & 

Shewanellaaffinis 
Dual 

2 40.00 Ethanol Betaproteo bacterium Dual 
2 15.20 Glucose - Dual 
2 40.30 Glucose GeobacterSPP (Firmicutes) Dual 
2 228.00 Glucose Escherichia coli Dual 
2 283.00 Glucose Mixed Culture Dual 
2 16.00 Glucose Saccharomyces cerevisaie Dual 
2 52.00 Lactate GeobacterSPP Dual 
2 17.20 Lactose - Dual 
2 14.00 Marine Sediment Deltaproteo bacterium Dual 
4 72.50 Algae (C.Vulgaris) Wastewater Dual 
16 50 Sodium acetate + Wastewater Wastewater Dual 
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21 2.69 Typric Soy Broth shewanella oneidensis Dual 
3 13.5 Fructose + Glucose from fruit juice waste Wastewater Dual 
18 191.1 ADE of Swine wastewater Mixed Consortia Dual 
32 23.97 Synthetic wastewater Wastewater Dual 
11 661 Acetate Wastewater Dual 
11 349 Butyrate Wastewater Dual 
11 150 Dextran Wastewater Dual 
11 1780 Dry Algae Biomass Wastewater Dual 
11 212 Glucose Wastewater Dual 
11 242 Starch Wastewater Dual 
11 225 Swine Wastewater Wastewater Dual 
27 202.9 Glucose + Sodium Acetate Wetland Consortium Dual 
27 158.2 Glucose + Sodium Acetate Wastewater Dual 

BELOW NOT REFERENCED IN THIS META STUDY ANALYSIS (CONTAINS FERRICYANIDE) 
2 6000.00 Sewerage Sludge Escherichia coli Single 
22 2030 Arabinose Wastewater Single 
22 1810 Fructose Wastewater Single 
22 1760 Fucose Wastewater Single 
22 2090 Galactose Wastewater Single 
22 1480 Galacturonic Acid Wastewater Single 
22 2050 Gluconic Acid Wastewater Single 
22 2160 Glucose Wastewater Single 
22 2770 Glucuronic Acid Wastewater Single 
22 1240 Mannose Wastewater Single 
22 1320 Rhamnose Wastewater Single 
22 1520 Ribose Wastewater Single 
22 2330 Xylose Wastewater Single 
9 23300 Glucose Pseudomonas aeruginosa Dual 
9 4310 Glucose Wastewater Dual 
9 28400 Glucose Enterococcus sp. Dual 
9 4900 Glucose Alcaligenes faecalis Dual 
28 2780 - Rhodopseudomonas 

palustris 
Dual 

28 1250 - Rhodospirillum rubrum Dual 
20 12.984 - S. oneidensis Dual 
20 22.703 - S. oneidensis Dual 
20 35.41 - S. oneidensis Dual 
20 42.162 - S. oneidensis Dual 
21 1800 Acetate Shewanella oneidensis Dual 
21 1.5 Lactate Shewanella oneidensis Dual 
21 0.4 Typric Soy Broth Shewanella oneidensis Dual 
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