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Pure glycerol and the crude waste glycerin byproduct of biodiesel production 

were tested as substrates for electricity production in single-chamber, air-cathode 

microbial fuel cells (MFCs) and in single-chamber microbial electrolysis cells 

(MECs), using pure and mixed microbial cultures as anode biocatalyst.  Current 

densities of 0.40 A/m
2
 and 0.13 A/m

2
 were generated on 50 mM glycerol in air-

cathode MFCs by pure cultures of Shewanella oneidensis MR-1 and 

Rhodopseudomonas palustris ATCC 17001, respectively, after aerobic flask culture.   

A mixed culture of bacteria originally derived from wastewater generated 

higher current and power densities than any of the pure cultures and, at 10 mM 

glycerol, achieved an average maximum power density of 2.70 ± 0.15 W/m
2
 anode 

surface area (47.8 ± 2.6 W/m
3
 reactor volume) at a current density of 7.66 ± 0.21 A/m

2
 

anode surface area.  At an optimal fixed external resistance of 210 Ω the mixed culture 

MFC followed Michaelis-Menten saturation kinetics, resulting in a Km of 2.92 mM 

glycerol and a theoretical Vmax of 0.437 volts.  Coulombic efficiencies decreased 

linearly with increased glycerol concentration.   

Power was generated by mixed culture MFCs from raw waste glycerin 

byproduct of biodiesel manufacture both with and without methanol, and with and 



without potassium salts and soaps.  Maximum volumetric current and power densities 

achieved on waste glycerin (147.7 A/m
3
 and 56.8 W/m

3
) were greater than those 

reported in previous studies, but CE values (10-17.6%) were significantly lower, likely 

due to losses from aerobic respiration in the micro-aerobic environment of an MFC.  

Decreases in maximum current density of 43.4% and 65.1% were observed over 

successive batches of waste glycerin with and without methanol, respectively.  

Decreases in performance were attributed primarily to the presence of potassium salts, 

soaps, FFAs, and residual catalyst in the waste glycerin, rather than to methanol.  

MFCs operating on waste glycerin from which these salts and soaps had been 

precipitated did not show the same pattern of decreasing maximum current density 

over multiple batches.   

 Cathode potentiometry indicated a decrease in cathode performance after 

development of a thick biofilm on the cathode surface during batches of glycerol and 

glycerin.  The best fit lines of cathode potential vs. current density before and after 

cathode biofilm development during batches of glycerol were used to predict a 30.2%  

decrease in power density, a result that corresponded well to the 25.7% decrease in 

power density that was actually observed.   

Single chamber, membrane-free mixed culture MECs were able to produce 

hydrogen successfully from both pure glycerol and waste glycerin byproduct from 

biodiesel manufacture.  At an applied voltage of 0.6 V, a maximum current density of 

7.5 ± 0.4 A/m
2
 (238.6 ± 12.7 A/m

3
) was observed, the highest reported current density 

for a MEC operating on glycerol.  Maximum current densities on 0.5% waste glycerin 

with and without methanol were 0.1-0.2 A/m
2
 less than previously reported values.  

Maximum hydrogen yields from the mixed culture MEC on 50 mM glycerol were 1.8 

± 0.1 mol hydrogen/mol glycerol, at an energy efficiency of 117.7%.  Hydrogen yields 

on waste glycerin were an order of magnitude lower, though energy efficiencies were 

greater than those for pure glycerol.  Hydrogen production rates were highest at 50 

mM glycerol, reaching 1.3 ± 0.1 m
3
/day/m

3
.  Methane formation reduced hydrogen 



recoveries by 30.4% and 36.8% for 50 mM and 10 mM glycerol, respectively, 

assuming cathodic losses of electrons went to methane formation.  A culture 

dominated by a member of the genus Citrobacter produced high current densities of 

~2.0 A/m
2
 in MECs on 50 mM glycerol, at yields of 0.93 ± 0.05 mol hydrogen/mol 

glycerol, energy efficiency greater than 100%, and hydrogen production rate greater 

than that of fermentative hydrogen production from glycerol by this species and by a 

genetically altered E. coli strain. 

The results of this study suggest that, ideally with removal of potassium salts, 

soaps, and catalyst, and with some method to minimize biofilm formation on the 

surface of MFC air-cathodes, MFCs and MECs represent promising treatment 

methods to generate electricity or hydrogen gas while treating the waste products of 

biodiesel manufacture.  These results represent an important step in improving the 

economic viability of the ever-growing biodiesel industry as the world energy 

economy continues to shift from fossil fuels to renewable energy sources. 
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Energy Recovery from Biodiesel Waste:  Performance of Microbial Electrochemical 

Systems on Glycerol 

 

Chapter 1 Introduction 

Global energy requirements are heavily dependent on fossil fuels such as oil, 

coal and natural gas.  As energy demands continue to grow and readily-available 

supplies of fossil fuels are depleted, research interest in bioenergy—the development 

of energy resources utilizing biological feedstocks or agents—will continue to 

progress. Biofuels such as ethanol traditionally have dominated the bioenergy 

conversation; the development of alternative energy carriers or products is still in its 

infancy.  Microbial electrochemical systems, including microbial fuel cells (MFCs) 

and microbial electrolysis cells (MECs) offer a new method for the production of 

energy from biomass and waste materials.  In these systems, microorganisms are able 

to oxidize a variety of substrates and transfer electrons to a conductive anode (Liu et 

al. 2004; Logan et al. 2005).  In an MFC with oxygen as electron acceptor, the 

electrons flow to a cathode at which they combine with oxygen and protons to form 

H2O, creating a current that can be used to perform useful work.   In an MEC, oxygen 

is removed completely from the system and the flow of electrons to the cathode is 

assisted by a small applied voltage in order to reduce protons in solution to form H2. 

The manufacture of biodiesel, a commercially available biofuel expanding in 

use, generates 10 wt% of glycerol as a byproduct (Selembo et al. 2009).  Currently 

this waste glycerol is treated in wastewater treatment plants or incinerated.  Energy 

production from the glycerol byproduct of biodiesel manufacture will improve the 

economic viability of the biodiesel industry by generating energy from a waste 

material the treatment of which now requires energy.  Few previous studies have 

investigated the use of glycerol in MFCs or MECs to produce electricity or hydrogen 

gas.  The present study is the first to report the production of current by pure cultures 

on glycerol in MFCs and in MECs; this study also achieved the best performance of 
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mixed cultures on this substrate in MFCs reported so far.  This study also addresses 

for the first time challenges for the MFC and MEC systems in general that were 

revealed during the course of experiments using glycerol.  These challenges include 

decreased MFC performance as a result of the growth of a cathode biofilm, and the 

use of pure cultures to avoid methane production in MECs. 
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Chapter 2: Electricity generation from glycerol and waste glycerin in MFCs 

 

 

2.1 BACKGROUND AND INTRODUCTION 

Projected shortages in global fossil fuel supplies as well as climatic concerns 

motivate research into renewable liquid fuels to replace fossil fuel supplies.  Biodiesel 

consists of combustible methyl or ethyl esters of fatty acids made from renewable 

biological resources, produced by a transesterification reaction between triglycerides 

and alcohol in the presence of an alkali catalyst such as sodium hydroxide (Hu and 

Wood 2010).  The production of biodiesel generates large quantities of glycerin as a 

byproduct.  For every 10 kg of biodiesel produced, 1 kg of crude waste glycerin 

byproduct is generated, the majority of which currently is sent to wastewater treatment 

plants for treatment or by incineration (Yazdani and Gonzalez 2007). The crude 

byproduct (referred to hereafter as ―waste glycerin‖) contains the three-carbon 

polyalcohol glycerol (65-80 wt%), methanol (5-40 wt%), water, residual NaOH 

catalyst, free fatty acids, fatty acid esters, and fatty acid salts (soaps, the product of a 

side-reaction during transesterification) (Hajek and Skopal 2010; Thompson and He 

2006).  The total demand of glycerol in the pharmaceutical and microbiological 

industries is just ~22% of the supply available through current levels of biodiesel 

production (Selembo et al. 2009).  Total biodiesel production in the U.S. and E.U. was 

6.9 million metric tons in 2007 and is expected to double by 2012 (Katryniok et al. 

2009).  Furthermore, as a major byproduct of alcoholic fermentation by yeast 

(Bideaux et al. 2005), the production of glycerol is expected to increase with growing 

use of ethanol as a liquid fuel. As demand for non-fossil liquid fuels grows, the 

generation of useful products from glycerol byproducts will increase the viability of a 

renewable liquid fuels industry.   
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Glycerol (C3H3(OH)3) is readily used by many microorganisms as a carbon 

source for growth via fermentation, aerobic respiration, and anaerobic respiration 

(Yazdani and Gonzalez 2007).  Previous research on biological uses for glycerol has 

focused on conversion by microorganisms to fermentation products such as 1,3-

propanediol, succinic acid, dihydroxyacetone, hydrogen, and ethanol (Yazdani and 

Gonzalez 2007, Hu and Wood 2010, Dharmadi et al. 2006).  Glycerol fermentation by 

pure cultures, however, leaves much of the energy in the substrate unrecovered 

(Selembo et al. 2009).  A new method for treating complex waste mixtures is to use it 

as a substrate in a microbial fuel cell (MFC).  In MFCs, microorganisms oxidize a 

variety of substrates (e.g., cellulose, sugars, wastewater) and transfer electrons to a 

conductive anode (Liu et al. 2004; Logan et al. 2005).  In an MFC with oxygen as 

electron acceptor, the electrons flow to a cathode at which they combine with oxygen 

and protons to form H2O.  The flow of electrons creates a current that can be used to 

perform useful work.  A wide variety of organic materials and wastes have been tested 

for energy generation in MFCs (Pant et al. 2009), but just one study has utilized 

glycerol and waste glycerin as carbon sources in MFCs for power generation 

(Clauwert et al. 2008).  This study utilized a reactor design with graphite granules in 

the anode chamber, a continuous flow of substrate, and a chemical cathode or bio-

cathode.  In this study, both glycerol and the raw glycerol-containing waste product 

from biodiesel manufacture (referred to as ―waste glycerin‖ in this study) were used as 

the carbon source in batch-fed MFCs with a carbon cloth anode and an air-cathode.  

Two pure cultures, Shewanella oneidensis MR-1 and Rhodopseudomonas palustris 

ATCC 17001 and a mixed culture enriched from wastewater were used as anode 

biocatalysts.  Considerations of toxicity of the waste glycerin and effect of a cathode 

biofilm that decreased MFC performance were investigated during the course of 

experiments with these cultures and substrates. 

 

2.2 MATERIALS AND METHODS 
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2.2.1 Glycerol and waste glycerin substrates  

 Pure glycerol was obtained from VWR (Chester, PA).  Pure HPLC-grade 

methanol was obtained from Fisher Scientific (Fair Lawn, NJ).  Waste glycerin was 

kindly provided by Beaver Biodiesel (Corvallis, OR) and consisted of the raw 

industrial byproduct of the transesterification of waste vegetable oil (WVO) with 

methanol.  Methanol-free waste glycerin was prepared by heating the waste glycerin 

near the boiling point of methanol (64.7°C) for 30 minutes.  The boiling point of 

methanol is well below the boiling point of other components in the waste glycerin, 

including water (100 ⁰C) and volatile fatty acids (2-C VFA is acetic acid with b.p. 

118.1 ⁰C).  The difference in mass of the waste glycerin before and after boiling, 

divided by the difference in volume was approximately equal to the density of 

methanol (0.79 g/mL), indicating that primarily methanol was removed from the waste 

glycerin.  The waste glycerin containing methanol had a density of 0.924 g/mL, which 

increased to 0.984 g/mL after removal of methanol.  

 In some experiments, soaps, unreacted esters and glycerides, and potassium 

salts were neutralized or precipitated from waste glycerin according to a method of 

addition of phosphoric acid adapted from Hajek and Skopal (2010).  Briefly, 10 mL of 

85% phosphoric acid (VWR, Chester, PA) was added to 250 mL of waste glycerin, 

followed by shaking for 5 minutes and refrigeration for 12 hours.  The supernatant was 

decanted from the precipitate and centrifuged at 10,000 rpm for 20 minutes to remove 

any remaining precipitate from the solution.  This procedure was repeated twice with 5 

mL 85% phosphoric acid, until no further precipitate was observed.  The entire 

process was performed in triplicate.  Addition of strong acid to the waste glycerin 

neutralizes alkali catalyst remaining in the waste and transforms soaps from the 

saponification side-reaction during transesterification into free higher fatty acids and 

inorganic salt (ibid.).  The use of phosphoric acid instead of acetic or sulfuric acid 

avoids addition of an outside carbon source or electron acceptor, and produces an 

easily-removed salt precipitate that is not observed when other acids are used (ibid.). 
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2.2.2 MFC microbial cultures 

 S. oneidensis MR-1 and R. palustris ATCC 17001 were obtained from ATCC.  

Each pure culture initially was grown aerobically in flasks at 30 ⁰C.  The first batch of 

S. oneidensis MR-1 was grown in soy broth, while the first batches of R. palustris 

17001 were in MGM plus 50 mM acetate.  For the second and third batches prior to 

MFC inoculation, each culture was transferred (10% inoculum) to flasks of 30 mL of 

modified Geobacter media (see section 2.2.4 below) containing 50 mM glycerol, using 

aseptic technique and sterile implements in a laminar flow clean hood.  

 The mixed culture was a wastewaster consortium originally obtained from 

Corvallis Wastewater Treatment Plant.  The consortium was enriched for nearly two 

years in MFCs on MGM plus 30 mM sodium acetate (Liu and Logan 2004; Hu et al. 

2008).   

 

2.2.3 MFC construction and design 

 Single-chamber, mediator-less air cathode MFCs were constructed as 

described previously (Liu and Logan 2004; Liu et al. 2005; Catal et al. 2008).  Briefly, 

untreated non-wet proofed carbon cloth (type B, E-TEK, Somerset, NJ, USA) was 

used for both the anode and cathode.   For the cathode, the carbon cloth was coated 

with platinum (0.5 mg cm
-2

) on the interior, solution-side surface using Nafion binder, 

and with 30% Polytetrafluoroethylene (PTFE) on the exterior, air-exposed surface 

(Catal et al. 2008).The surface areas of the anode and cathode were 2.3 cm
2
 and 7 cm

2
, 

respectively. The electrodes were placed on the opposite sides of a Lexan plastic 

chamber with spacing of 2.5 cm between anode and cathode. The solution volume of 

the MFCs was 13 mL.  
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2.2.4 MFC inoculation and operation 

A bacterial growth media with 100-200 mM phosphate buffer was used for 

both bacterial cultivation in flasks and for running in MFCs.  The media consisted of a 

modified version of Geobacter media developed by Lovley and Phillips (1988).  This 

modified Geobacter medium (MGM) consisted of the following ingredients dissolved 

in 1.0 L distilled H2O without a carbon source (100 mM PBS):  Na2HPO4·7H2O, 15.5 

g; NaH2PO4·H2O, 5.84 g; NH4Cl, 0.31 g; KCl, 0.13 g; Wolfe’s vitamin solution, 1.25 

mL; trace mineral solution, 12.5 mL (Lovley and Phillips 1988).  MGM without a 

carbon source provided a base media to which different carbon sources could be 

added, including pure glycerol at 0.25-50 mM, 100% methanol (10-65 mM), and 

waste glycerin with and without methanol and/or soaps (0.1% and 0.5% wt/vol).  The 

pH of all final media solution was adjusted to 7.0 with 10 mM NaOH and 10 mM 

HCl, prior to use in MFCs.  For media used with pure bacterial cultures, after addition 

of all media components, excluding vitamins, the media was autoclaved at 121°C for 

30 minutes.  After cooling to room temperature, vitamin solution was added to the 

sterile media through a 0.22 µm filter.  Since glycerol is fermentable by some bacteria, 

200 mM PBS was used in the media for each of the pure cultures, in order to prevent 

inhibitory acidification of the MFC media by organic acid fermentation products that 

may remain in solution.   

MFCs used with pure cultures were autoclaved at 121°C immediately prior to 

use.  All inoculation and media changes for pure culture MFCs were conducted under 

a laminar flow in a clean hood, using aseptic technique, sterile media and sterile 

implements.  Sterile cotton was taped securely over the fill hole of each MFC 

containing a pure culture.  All MFCs batches were conducted in a constant 

temperature chamber (32°C).  For all MFCs, spent media was replaced with fresh 

media at room temperature only after the voltage decreased below 10 mV. 

Mixed culture MFCs initially were operated at 1 kΩ resistance with MGM plus 

50 mM acetate until the voltage reached ~0.6 V upon replacement of media, indicating 
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a well-established anode biofilm.  All media was replaced with minimal growth media 

plus different concentrations of pure glycerol.  Since glycerol is the predominant 

carbon source in waste glycerin, MFCs adapted to pure glycerol for ~10 batches were 

used for electricity production from waste glycerin.  Likewise, since methanol is 

present in waste glycerin, MFCs adapted to waste glycerin containing methanol (~10 

batches) were used to test whether pure methanol can be used by these MFCs as a 

carbon source for electricity generation.    

 

2.2.5 Data measurement, analysis and calculations 

Titanium wire leads contacting the anode and cathode surfaces were connected 

with a 1 kΩ resistor.  A multimeter (model 2700) with a data acquisition system 

(Keithly Instruments Inc., Cleveland, OH, USA) was used to measure voltage 

produced by the MFCs at intervals of 5.5 minutes.  Current was calculated according 

to 

  I = V/R    (1) 

where I is current in amperes, V is voltage, R is external resistance in ohms.  Current 

density and volumetric current density were calculated by dividing I by the two-

dimensional anode surface area (2.3 cm
2
) or the volume of the MFC chamber (13 

cm
3
), respectively. Coulombic efficiency (CE), the percentage of total electrons in the 

substrate that were recovered as current through the MFC circuit, was calculated as  

CE = Cp/Ct ×100%   (2) 

 

where Cp  is the total coulombs obtained by integrating the current over time, and Ct is 

the theoretical number of coulombs in the added substrate, calculated as FbvΔC, 

where F is Faraday’s constant (96,485 coulombs/mol electrons), b is mol 

electrons/mol substrate (b=14 for pure glycerol), v is the MFC volume (0.013L) and 
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ΔC represents the change in molar concentration of the substrate over the course of the 

batch (mol/L) (Liu and Logan, 2004). 

 Change in COD of waste glycerin was measured using a standard protocol 

from Chemetrics, Inc. (Calverton, VA).  A calibration curve was made using glucose 

standards and measuring absorbance at 620 nm before and after digestion for 2 hours 

at 150 ⁰C with potassium dichromate and silver catalyst.  COD was measured for three 

replicates of minimal media containing 0.5% and 0.1% (wt/vol) of waste glycerin with 

and without methanol and salts.  Three replicates of post-batch MFC solution were 

also measured in order to determine total change in COD.  Coulombic efficiency on a 

COD basis was calculated in terms of g O2 by multiplying equation (2) by the 

molecular weight of oxygen (32 g O2/mol O2 ), setting b = 4 mol electrons/mol O2, 

and ΔC = ΔCOD (g O2/L) (Logan et al. 2006). 

Polarization curves were generated by adjusting the external resistance 

stepwise from 1.128 kΩ to 0.04 kΩ.  At each resistance level tested, the MFC was 

operated for at least six data points (30 minutes) at the highest voltage level for that 

resistance, repeating the batch at that resistance level if necessary to obtain six points.   

Experiments were repeated three times at each external resistance level to generate 

error for each point in the polarization curve. The resistance that produces the greatest 

power density was determined by plotting power density against the range of current 

densities recorded at different resistances.   

 A G300 potentiostat (Gamry Instruments, Inc, Warminster, PA) and a single-

chambered electrochemical cell were used to measure the cathode potential of 

cathodes (with and without biofilm on the interior surface) as a function of current 

density.  The catalyst-coated side of the cathode (with or without biofilm) was placed 

facing the solution of the single-chambered e-cell, with the PTFE side exposed to air.  

The counter electrode was a platinum foil (3 x 3 cm
2
) of high purity (99.99%, Alfa 

Aesar).  An Ag/AgCl electrode (RE-5B, Bioanalytical systems, USA) placed in a 

Luggin capillary sheath was used as a reference electrode. The tip of the capillary was 
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placed as close as possible to the surface of the cathode without touching the cathode 

surface or any biofilm attached to the surface.  Current densities ranging from 0.02 

to1.6 mA/cm
2
 were applied stepwise and the corresponding potentials at each current 

density were recorded for 30 minutes.  The potentials were plotted against current 

density to determine cathode performance, in which a higher potential at a given 

current density results in a greater overall voltage, thereby increasing power density.  

Each set of cathode potential measurements was performed twice, and measurements 

were repeated after biofilm had formed on the cathode surface over the course of 

batches of glycerol or waste glycerin.  The performance of the cathode with biofilm 

and without biofilm are described using 

 

E = Aln i + B    (3) 

 

where E(mV) is the cathode potential, i (mA/cm
2
) is the current density of the cathode 

calculated according to the cathode surface area (7.0 cm
2
) , A is the slope of the line, 

and B (mV) is the cathode potential at 1 mA/cm
2
. This equation is a variation of the 

Tafel equation for describing overvoltage, and has been used previously to test 

changes in MFC cathode performance due to biofilm (Liu et al. 2008). 

 The effect of biofilm attached to the cathode surface on cathode performance 

was determined by the following approach.  The cathode of a MFC producing 

consistent power densities over multiple batches was replaced by a cathode pre-tested 

by potentiometry as described.  The observed maximum current density of the 

subsequent batch was put into the equation for the pre-batch best-fit line generated by 

potentiometric tests, in order to calculate a value for cathode potential (Pcat).  Anode 

potential (Pan) for the MFC was calculated using 

 

 Vcat –Van = V,    (4) 
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where V is the observed maximum voltage for the MFC recorded for the batch.  The 

maximum power density (PD) of the MFC predicted by the pre-batch best-fit line was 

then calculated by 

 

 PD = i*V    (5) 

 

Cathode potential measurements were repeated after biofilm developed on the 

cathode surface, and a post-batch best-fit line of cathode potential vs. current density 

was produced.  The maximum current density observed for the final batch (in which 

the cathode had biofilm attached) was put into the equation for the post-batch best-fit 

line in order to determine post-batch cathode potential. Assuming that the anode 

potential of the MFC was the same with and without biofilm on the cathode, the 

maximum voltage and power density of the last batch (with biofilm on the cathode) 

were calculated using equations (4) and (5).  The decrease in power density predicted 

by the best-fit curves of cathode potential vs. current density for cathodes with and 

without biofilm was compared with the actual decreases in power density observed for 

the initial and final MFC batches. 

 

 

2.3 RESULTS 

 

2.3.1 Electricity generation from glycerol by pure bacterial cultures in MFCs 

Each of the pure cultures generated current using glycerol as the sole electron 

donor.  For each species, after 2-3 initial batches, complete replacement of media 

resulted in immediate current generation, suggesting the presence of a well-developed 

biofilm on the anode.  For S. oneidensis MR-1 and R. palustris 17001, initial batches 

at glycerol concentrations of 10 mM resulted in low maximum current densities of 

0.003 A/m
2
 and 0.07 A/m

2
, respectively (Figure 1).   
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Figure 1:  Current density generated by R. palustris 17001, and S. oneidensis MR-1 at 

an external resistance of R=1 kΩ.  Batches before hour 168 are with 10 mM glycerol, 

while batches after that time are with 50 mM glycerol.  The last peak for S. oneidensis 

MR-1 is an additional batch of 10 mM glycerol. 

 

When glycerol concentration was increased to 50 mM, each of these species 

showed increases in current density to 0.40 A/m
2
 and 0.13 A/m

2
 for S. oneidensis MR-

1 and R. palustris ATCC 17001, respectively. Since the current density generated by 

S. oneidensis MR-1 was significantly lower than the other species for the initial 

batches at 10 mM glycerol, after batches at 50 mM glycerol the concentration was 

reduced back to 10 mM.  These later batches for this species on 10 mM glycerol 

resulted in a higher maximum current density (0.26 A/m
2
) than the initial batches for 

this species on 10 mM glycerol (last peak of Figure 1).     

 

2.3.2 Electricity generation from glycerol by mixed culture MFCs 
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The polarization curve indicates that a power density of 2.03 ± 0.17 W/m
2
 

(35.94 ± 3.08 W/m
3
 MFC volume) was reached at a current density of 6.64 ± 0.28 

A/m
2
 using external resistance of 200 Ω (Figure 2).    

 

 

Figure 2:  Polarization curve showing power density as a function of current density 

with stepwise changes in external resistance (1.128 kΩ – 0.04 kΩ) for a mixed culture 

MFC with 10 mM glycerol as sole carbon source. 

 

Later batches at a slightly higher resistance of 210 Ω achieved greater current 

and power densities, reaching an average maximum power density of 2.70 ± 0.15 

W/m
2
 (47.78 ± 2.59 W/m

3
) with a current density of 7.66 ± 0.21 A/m

2 
over six batches 

(Figure 3).  Batch times from complete replacement of media to a return of the voltage 

to < 10 mV was 23.2 ± 6.9 hours.  The current produced exhibited a pattern of sharp 

increases and decreases, reaching a maximum point in just 1.93 ± 0.49 hours (Figure 

3).  In contrast to the short batch times for 10 mM glycerol, when glycerol 

concentration was increased to 50-100 mM and external resistance was increased to 

1000 Ω, batch times increased to >70 hours. 
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Figure 3:  Current density and power density for a mixed culture MFC on 10 mM pure 

glycerol as sole carbon source. R=210 Ω.  The first peak represents the first batch after 

changing from sodium acetate to glycerol as carbon source. 

 

The maximum voltage reached during the batch increased logarithmically with 

increase of glycerol concentration from 0.5 mM to 35 mM (Figure 4).  The theoretical 

maximum voltage (Vmax) was 0.437 volts, with a predictive half-saturation constant 

(Km) of 2.92 mM (268.9 mgL
-
 1) glycerol (R

2
 = 0.987).  Coulombic efficiency (CE) 

decreased in linear fashion by ~0.55% for every 1 mM of increase in glycerol 

concentration.  At 1 mM glycerol, CE was greatest (35.5 ± 0.35 %), 110% greater than 

CE at 35 mM glycerol (16.9 ± 1.48%). 
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Figure 4:  Substrate effects on voltage generated and on Coulombic efficiency for a 

mixed culture MFC, external resistance 210 Ω. 

 

 

2.3.3 Effects of cathode biofilm on air-cathode performance 

Thick biofilm was observed on the solution-facing surface of the air-cathodes 

used in the MFCs operating on glycerol (Figure 5). 
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Figure 5:  Biofilm formation on the interior air cathode surface.  Picture (a) is the 

interior (solution-facing) surface of a newly-made cathode after application of Nafion 

binder and Pt catalyst, but before use in an MFC.  Picture (b) shows the cathode 

surface after ~ 10 batches of 10 mM glycerol.  

 

 

A decrease in the peak power density achieved by MFCs on 10 mM pure 

glycerol was observed.  Calculated on the basis of cathode surface area, the maximum 

power density achieved by the MFC was observed to decrease over 10 batches of 10 

mM glycerol by 30.2% from 782 mW/m
2
 to 590 W/m

2
 (Figure 6). 

 

 

Figure 6:  Current density for selected batches of a mixed culture MFC on 10 mM 

glycerol showing decreases over the course of successive batches.  R = 200 Ω  
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Best-fit lines describing cathode potential (y) as a function of current density 

(x) were generated for the air-cathode of the MFC before and after development of a 

biofilm on the cathode surface.  In these calculations, current density was calculated 

on the basis of cathode surface area (7.0 cm
2
).  For the unused cathode, the best-fit line 

was:   y = -83.51[ln(x)] - 9.4863.  After development of biofilm over ~10 batches, the 

best-fit line was:  y = -108.2[ln(x)]-125.26.  The R
2
 value of each best-fit line was 

~0.93 (Figure 7). 

 

 

Figure 7:  Cathode potential (mV) vs. current density (mA/cm
2
) for two MFC air 

cathodes before (U) and after (B) biofilm development on the surface during batches 

of 10 mM glycerol.   

 

The best-fit lines in Figure 7 predict a 30.2% drop in power density from 782 

mW/m
2
 (at the current density of 0.240 mA/cm

2
 that was observed for batch 1) to 546 

mW/m
2
 (at the current density of 0.206 mA/cm

2
 that was observed for batch 10).  The 

actually observed drop in power density was from 790 mW/m
2
 to 589 mW/m

2
, a 
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the calculated cathode potential of 109.7 mV at 0.240 mA/cm
2
 (from line U in Figure 

7) the anode potential for the MFC was calculated as -219.3 mV. 

For a different cathode that exhibited a similar decrease in performance with 

the development of a biofilm on the surface, performance partially recovered after 

drying and scraping off the biofilm (Figure 8). 

 

 

Figure 8: Cathode potential (mV) vs. current density (mA/cm
2
) for an MFC air 

cathode operating with 10 mM glycerol before (U2) and after (B2) biofilm 

development and after scraping off the dried biofilm from the cathode surface (S2). 

 

 

2.3.4 Electricity generation by mixed culture MFCs from waste glycerin with and 

without methanol  
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immediate current generation.  A decrease in performance over the course of 

successive batches was observed.  The peak current density achieved during a batch 

for an MFC operating on 0.5% waste glycerin with methanol decreased from 7.66 

A/m
2
 (2.69 W/m

2
) in the first batch to 4.35 A/m

2
 (0.90 W/m

2
) in the last batch, a 

43.4% decrease (Figure 9).   

 

 

 

Figure 9:  Current density generated by mixed culture MFCs operating with a carbon 

source of 0.5% raw glycerin biodiesel waste, with methanol.  R=200 Ω  
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decreased from 7.16 A/m
2
 (2.39 W/m

2
) for the first batch to 2.37 A/m

2
 (0.26 W/m

2
) 

for the last batch, a 65.1% decrease (Figure 10).   

Similar decreases in power density were observed for MFCs operating on 0.1% 

waste glycerin (data not shown).  The COD removal from the waste glycerin 

containing methanol was 93.3 ± 2.0 %, which was 17.2% greater than the COD 

removal from the waste glycerin without methanol (77.2 ± 6.4%). 

 

 

 

Figure 10:  Current density generated by mixed culture MFCs operating with a carbon 

source of 0.5% raw glycerin biodiesel waste, methanol removed.  R=200 Ω  
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(section 2.3.3 above).  Replacing the cathode with an unused cathode resulted in a 

short-lived improvement in performance for a single batch.  Prior to replacement of 

the cathode, current density had decreased from 7.65 A/m
2
 to 4.56 A/m

2
.  The current 

density increased to 8.35 A/m
2
 in the first batch after cathode replacement (Figure 11).  

After the first batch after replacing the cathode, only a thin biofilm was observed on 

the new cathode surface.  Subsequent batches resumed the pattern of decreasing 

maximum current density, eventually decreasing 1.1 A/m
2
 (24.1%) below the level of 

the batch just prior to changing the cathode. 

 

 

 

Figure 11:  Successive batches of mixed culture MFC 0.5% waste glycerin with 

methanol and with soaps and salts.  R = 200 Ω.  After nine batches the air cathode was 

replaced with a biofilm-free, unused cathode.   

 

 

 

0

1

2

3

4

5

6

7

8

9

407 457 507 557 607 657 707 757

C
u

rr
e

n
t 

D
e

n
si

ty
 (

A
/m

2
) 

Time (hours) 



22 
 

2.3.5 Inhibitory effects of salts and soaps in waste glycerin 

It was suspected that components other than glycerol that were present in the 

waste glycerin were responsible for the observed decline in current density over 

successive batches on this substrate.  Waste glycerin byproduct from biodiesel 

manufacture is a mixture of glycerol, methanol, water, residual NaOH catalyst, free 

fatty acids, fatty acid esters, and fatty acid salts (soaps, the product of a side-reaction 

during transesterification) (Wolfson et al. 2009). Salts, soaps and excess catalyst in the 

waste glycerin can be toxic to bacteria in high concentration.  To determine whether 

salts, soaps, excess catalyst and other components of the waste glycerin were 

responsible for the successive decrease in performance over successive batches, a 

mixed culture MFC was operated on waste glycerin from which the salts and soaps 

had been removed by precipitation.  Precipitation and centrifugation removed 30.5 ± 

1.8 g of solids from 250 mL waste glycerin containing methanol (0.12 ± 0.01 g 

precipitate/mL), decreasing the density of the waste glycerin slightly from 0.92 g/mL 

to 0.90 g/mL.  On 0.5% (wt/vol) of this substrate, the maximum current density 

achieved during the batch decreased just 2.4% from 6.21 A/m
2
 (1.78 W/m

2
) on the 

second batch to 6.06 A/m
2
 (1.69 W/m

2
) on the seventh batch (Figure 12).  Over a total 

of 12 batches, the maximum current density decreased just 5.6% (Figure 12). 

The COD removal for 0.5% waste glycerin with methanol but without salts and 

soaps was 92.7 ± 1.7 %, approximately the same as the initial batches on the same 

substrate with salts and soaps, before the successive drop in performance on that 

substrate. 
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Figure 12:  Mixed culture MFC on 0.5% waste glycerin (containing methanol) from 

which salts, soaps, excess catalyst, free fatty acids and unreacted fatty acid esters were 

removed by precipitation and centrifugation.  R =200 Ω  
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50 mM glycerol, with external resistance of 1kΩ and buffer concentration of 200 mM 

PBS.  Although the power generation from glycerol by R. palustris 17001 in this study 

is much less than that generated by R. palustris DX-1 on acetate, this is the first study 

to the authors’ knowledge to show that R. palustris 17001 can generate power from 

glycerol. 

With regard to S. oneidensis MR-1, a previous study showed that this species 

can generate power in MFCs under microaerobic conditions from a variety of 

substrates, though glycerol was not tested (Biffinger et al. 2008).  Some previous 

studies reported that S. oneidensis MR-1 does not grow on glycerol as a carbon source 

under non-MFC conditions, even though metabolic pathways for glycerol use have 

been established in the species’ genome (Heidelberg et al. 2002).  In the present study, 

S. oneidensis MR-1 grew aerobically in a flask on glycerol, and generated 0.40 A/m
2
 

from 50 mM glycerol and 0.26 A/m
2
 from 10 mM glycerol in an air-cathode MFC.  

Furthermore, in contrast to previous MFC studies with S. oneidensis MR-1  that 

culture the species under  anaerobic conditions (Biffinger et al. 2008), the present 

study showed current generation by S. oneidensis MR-1 that was grown  aerobically in 

flasks prior to inoculation of the MFC.   

As reported in Table 1, the maximum power density achieved in this study by 

the mixed culture on glycerol is greater than that achieved by a similar mixed culture 

and MFC reactor setup on any of an array of polyalcohols, sugars, and sugar 

derivatives, except glucouronic acid  (Catal et al. 2008a).  In a previous study with 

glycerol as electron donor, an average volumetric current density of 81± 23 A/m
3
 and 

power density of 13.9 ± W/m
3
 was generated by a continuous flow MFC system with 

a graphite granular anode, chemical cathode with K3Fe(CN)6 as catholyte, and  a 

glycerol loading rate of 1.28 kg COD/m
3
/day (Clauwert et al. 2008).  Using a 

biocathode the same MFC generated 117 ± 14 A/m
3
 with a power density of 26 ± 6 

W/m
3
.   In the present study, a mixed culture membrane-less MFC with an air cathode 

that was batch-fed 10 mM glycerol generated a current density of 135.5 ± 4.9 A/m
3
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with a power density of 47.78 ± 2.59 W/m
3
, which is 67.3% greater in current density 

and 245% greater in power density than that achieved by Clauwert et al. (2008) with 

ferricyanide as catholyte.  The results of the present study are 15.8% greater in current 

density and 83.8% greater in power density than that reported by Clauwert et al. 

(2008) using a biocathode.  The greater power densities in the present study likely are 

due to differences in MFC architecture (a mediator-less, batch-fed, single-chamber 

MFC without a membrane and using carbon cloth for the electrode, compared to a 

continuous-flow, upstream design using granular graphite as anode).  

  A few studies have used glycerol as a substrate in a version of a MFC called a 

microbial electrolysis cell (MEC).  An MEC is identical in principle to an MFC, 

except that oxygen is removed completely from the system and an applied voltage 

provides extra potential required for the reduction of protons to H2 at the cathode.  

With an applied voltage of 1.0 V, a continuous flow MEC with 15.5 mM glycerol 

generated 36.5 A/m
3
 (Escapa et al. 2009), which is 72.5% less than the current density 

generated in the present study.  Selembo et al. (2009) generated a current density of 

136 A/m
3
 using 32.6 mM glycerol in a batch-fed MEC with an applied voltage of 0.5 

V, a current density that is nearly identical to the current density generated by batch-

fed MFCs in the present study.  Selembo et al. (2009) reported a CE of 49 +- 5% 

while Clauwert et al. (2008) reported CE of 45 ± 13 % and 65 ± 8 % for their MFC 

under conditions of ferricyanide catholyte and biocathode, respectively.  The relatively 

low CE values in the present study of ~17-35% for different concentrations of glycerol 

likely are due to losses to aerobic respiration in the microaerobic environment of a 

single-chamber air-cathode MFC.  Oxygen diffuses through the air-cathode to provide 

an electron acceptor for the cathode reaction; this oxygen also can serve as an electron 

acceptor for bacteria in the single-chamber MFC, especially those that attach to the 

cathode.   Thick biofilm growth observed on the interior surface of the cathode 

indicates robust aerobic growth by MFC bacteria on glycerol.  Faster respiration rates 

using oxygen compared with anaerobic respiration may contribute significantly to 

decreases in CE (and perhaps to decreases in power density), especially over long-  
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Table 1:  Performance of mixed culture MFCs using glycerol and waste glycerin as sole carbon sources.  CD and PD refer 

to current density (A/m
2
 or A/m

3
) and power density (W/m

2
 or W/m

3
), respectively. 

Electrode 

materials 

Substrate Concentration Methanol Salts and 

Soaps 

Max CD (PD) Max Volumetric 

CD (PD) 

CE 

(%) 

Citation 

Carbon 

cloth 

Pure 

glycerol 

1 mM n/a n/a 1.9 A/m
2 

(0.161 W/m
2
) 

33.1 A/m
3
 (2.9 

W/m
3
) 

35.5 ± 

0.35 

This study 

Carbon 

cloth 

Pure 

glycerol 

10 mM n/a n/a 7.7 A/m
2
 

(2.70 W/m
2
) 

135.5 A/m
3
 (47.8 

W/m
3
) 

27.3 ± 

1.1 

This study 

Carbon 

cloth 

Pure 

glycerol 

35 mM n/a n/a 8.4 A/m
2
 (3.2 

W/m
2
) 

148.1 A/m
3 

(57.0 

W/m
3
) 

16.9 ± 

1.5 

This study 

Carbon 

cloth 

Waste 

Glycerin 

1 g/L no no 0.4 A/m
2
 

(0.0067 

W/m
2
) 

6.7 A/m
3
 (0.1 

W/m
3
) 

12.3 ± 

1.1 

This study 

Carbon 

cloth 

Waste 

Glycerin 

2 g/L no no 0.7 A/m
2
 

(0.0213 

W/m
2
) 

12.0 A/m
3
 (0.4 

W/m
3
) 

10.0 ± 

2.2 

This study 

Carbon 

cloth 

Waste 

Glycerin 

5 g/L yes yes 8.4 A/m
2 

(3.21 

W/m
2
) 

147.7 A/m
3
 (56.8 

W/m
3
) 

11.3 ± 

3.5 

This study 

Carbon 

cloth 

Waste 

Glycerin 

5 g/L yes no 7.2 A/m
2
 (2.4 

W/m
2
) 

127.6 A/m
3
 (42.3 

W/m
3
) 

17.6 ± 

2.0 

This study 

Carbon 

cloth 

Waste 

Glycerin 

5 g/L no no 7.2 A/m
2
 

(2.38 W/m
2
) 

127.6 A/m
3
 (42.3 

W/m
3
) 

Not 

report 

This study 
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Table 1 (Continued):  Performance of mixed culture MFCs using glycerol and waste glycerin as sole carbon sources.  CD 

and PD refer to current density (A/m
2
 or A/m

3
) and power density (W/m

2
 or W/m

3
), respectively. 

Granules, 

ferricyanide 

Pure 

glycerol 

1.28 kg 

COD/m
3
/day 

n/a n/a 
Not 

reported 

81± 23 A/m
3
 (13.9 

± W/m
3
) 

45 ± 13 
Clauwert et 

al. (2008) 

Granules, 

biocathode 

Pure 

glycerol 

1.28 kg 

COD/m
3
/day 

n/a n/a 
Not 

reported 

117 ± 14 A/m
3
 (26 

± 6 W/m
3
) 

65 ± 8 
Clauwert et 

al. (2008) 

Graphite felt 
Pure 

glycerol 
15.5 mM n/a n/a 

Not 

reported 
36.5 A/m

3
 

Not 

reported 

Escapa et al. 

(2008) 

Graphite brush 
Pure 

glycerol 
32.6 mM n/a n/a 

Not 

reported 
136 A/m

3
 49 ± 5 

Selembo et al. 

(2009) 

Granules, 

biocathode 

Waste 

glycerin 

1.28 kg 

COD/m
3
/day 

yes yes 
Not 

reported 

111 ± 10 A/m
3
 (23 

± 4 W/m
3
) 

62 ± 6 
Clauwert et 

al. (2008) 

Graphite brush 
Waste 

glycerin 
1 g/L yes yes 

Not 

reported 
87 ± 11 A/m

3
 65 ± 8 

Selembo et al. 

(2009) 
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term operation of the MFC.  The higher CE values reported by both Clauwert et al. 

(2008) and Selembo et al. (2009) for glycerol, compared to the present study, were 

generated using completely anaerobic systems.  Similarly, CE values for glucose in an 

air-cathode MFC identical to that used in the present study were 28% (Catal et al. 

2008b), much lower than the 127 ± 23 % CE reported by Selembo et al. (2009) for a 

MEC operated with glucose. Since air-cathodes represent the most likely design for 

industrial applications of MFC due to the low expense and ease of operation, future 

studies using single-chambered air-cathode MFCs should attempt to quantify losses in 

efficiency due to aerobic respiration on the cathode surface, and identify methods to 

reduce cathode biofilm growth in order to increase CE values in air-cathode MFCs.

  

The greater current and power densities achieved by the mixed culture 

compared to the pure cultures in this study for glycerol are consistent with most 

studies using other substrates such as acetate in MFCs (Logan 2009).  Since glycerol is 

a fermentable substrate, the mixed culture may benefit from syntrophic relationships 

between fermenters and anode-reducers inhabiting the anode community.  Previous 

studies investigated the kinetics of substrate use and the metabolic relationships 

between fermenters and anode-respiring bacteria on other fermentable substrates 

(Freguia et al. 2008).  No studies, however, have investigated syntrophies for a MFC 

anode community operating on glycerol. In this study, mixed culture MFCs on 

glycerol were observed to follow Michaelis-Menten kinetics (R
2
 = 0.987) at 210 Ω 

external resistance (Figure 4).  Previous studies report similar kinetics for other 

fermentable substrates (Liu and Logan 2004; Catal et al. 2008b).  If indeed these 

substrates first are fermented to organic acids which are then used by anode-reducing 

bacteria, then the interactions between these two sets of bacteria are efficient enough 

not to disrupt the Michaelis-Menten kinetic pattern that is also observed for non-

fermentable substrates.  Furthermore, some species that are selected for in MFCs are 

known to be able to ferment glycerol to organic acids, hydrogen, ethanol, and other 

products such as 1,3-propanediol (Gonzalez et al. 2008).  Determining conditions 
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under which these species favor respiration over fermentation may suggest ways to 

increase CE for MFC systems operating on glycerol by reducing fermentative activity 

by members of the anode community. 

   

 

2.4.2 Power generation from waste glycerin by mixed cultures 

Table 1 above indicates the peak current densities and power densities 

achieved with glycerol and waste glycerin under different conditions in this study, as 

well as average CE.  Coulombic efficiencies for the waste glycerin substrate were 

lower than those for pure glycerol.  Waste glycerin with methanol but without salts, 

FFAs, and soaps had an average CE value (calculated on the basis of COD removal 

from the waste glycerin) of 17.6 ± 2.0%, less than half of the CE of a MFC operated 

with a low concentration of pure glycerol (Table 1). 

The maximum volumetric current and power densities of 147.7 A/m
3
 and 56.8 

W/m
3
 achieved in the present study for a batch-fed, air-cathode MFC operating on 

0.5% waste glycerin were 36.7% and 147% greater, respectively, than those achieved 

in a continuous MFC with a biocathode (111 ± 10 A/m
3
 and 23 ± 4 W/m

3
) (Clauwert 

et al. 2008).  The current density for the air-cathode MFC in the present study was 

69.8% greater than the highest current density achieved (87 ± 11 A/m
3
 with an applied 

voltage of 0.8 V and substrate concentration of 0.1%) in an MEC by Selembo et al. 

(2009).  These differences in current density likely are due to differences in reactor 

architecture, as well as to the increased substrate concentration in the present study 

compared with that of Selembo et al. (2009).  As shown in Table 1, for all of the waste 

glycerin conditions used in this study, the CE was much lower than the 65 ± 8 % for 

0.1% waste glycerin with applied voltage of 0.5 V reported by Selembo et al. (2008) 

and lower than the CE of 62 ± 6% reported by Clauwert et al. (2008).  As with 

glycerol, decreased CE values for waste glycerin in air-cathode MFCs compared with 
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these completely anaerobic systems likely are due to losses of substrate to aerobic 

respiration by bacteria in the MFC solution or attached to the cathode. 

 

2.4.3 Cathode biofilm decreases MFC performance on glycerol 

  

Cathode potentiometric tests generate a function that predicts cathode potential 

as a function of current density (calculated in this study on the basis of cathode surface 

area).  If cathode potential is decreased, then the overall voltage generated by the MFC 

will decrease, according to equation (4).  Likewise, if MFC voltage is decreased, then 

power density will decrease according to equation (5), as long as current density stays 

relatively constant.  In this study, potentiometric tests on the MFC cathode before and 

after 10 batches of 10 mM glycerol showed a decrease in cathode performance after 

the development of a biofilm on the interior cathode surface.  As described above, 

oxygen diffusing into the MFC to drive the reaction on the cathode surface can also 

serve as a terminal electron acceptor for bacteria.  Bacteria attach to the cathode 

surface and respire aerobically, generating a thick biofilm that covers the entire 

solution side of the cathode.  It has been suggested that, if mature and thick enough, 

this cathode biofilm may hinder the access of protons in solution to the catalytic 

surface of the cathode, or that compounds in the biofilm may spoil the platinum 

catalyst (Liu et al. 2008; Logan 2008).  It is also likely that overall MFC performance 

(e.g., CE) decreases as the cathode biofilm matures, due to loss of substrate to aerobic 

respiration by bacteria in the cathode biofilm. 

 The model produced by the best-fit lines of cathode potential vs. current 

density (based on cathode surface area) predicted a theoretical decrease of 30.2% in 

power density after growth of the biofilm on the cathode surface.  This prediction was 

4.5% lower than the decrease in power density that was actually observed after 10 

batches, giving a high percent error of 14.9%, which likely is due to differences 
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between measurements of cathode potential using an e-cell arrangement for 

potentiometry and the full MFC set-up in normal operation.  The clear decreases in 

cathode performance, however, in conjunction with the partial recovery in 

performance after scraping biofilm from the cathode surface (Figure 9) provides a 

clear indication that the formation of biofilm on the cathode surface has a negative 

impact on cathode performance, and thus on the performance of the MFC as a whole.   

A previous study found that cathode performance decreased only slightly after 

biofilm formation on the surface (Liu et al. 2008).  That study used 1 g/L sodium 

acetate as a carbon source, a continuous flow mode, and four thick diffusion layers on 

the outer cathode surface to prevent water loss.  In contrast, the use of glycerol in 

batch MFCs in the present study may have provided bacteria with a richer carbon 

source for longer periods of time with which to generate a more robust biofilm, using 

plentiful oxygen diffusing through the cathode.  A thicker biofilm would form a more 

insulating barrier between the catalytic surface of the cathode and the MFC solution, 

restricting proton diffusion from the solution to the cathode surface.  This limitation of 

proton availability will have an effect on charge transfer kinetics, as well as increase 

the internal resistance across the MFC.  Thick bacterial growth on the cathode may 

also reduce availability of O2 for the cathode catalytic reaction, due to competition for 

O2 by microbes respiring aerobically in the cathode biofilm.  It is also possible that the 

catalytic capacity of the cathode platinum catalyst was compromised over time by 

biofilm or by byproducts produced by bacteria in the cathode biofilm.  Byproducts 

produced by bacteria metabolizing glycerol may have had a negative effect on the 

cathode catalyst that were not observed when acetate was the carbon source.  

Future studies should consider each of these effects of cathode biofilm on 

internal resistance and overall long term MFC performance, especially when rich 

substrates such as fermentable compounds or wastewater are used.  In addition to 

preventing CE losses due to aerobic respiration of substrate in the reactor by cathode 

bacteria, as mentioned above, future research that minimizes bacterial attachment to 
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the cathode surface will improve overall MFC performance by maintaining cathode 

viability over long-term operation. 

 

2.4.4 Salts and soaps decrease MFC performance on waste glycerin 

Initially it was suspected that the pattern of decrease in performance with 0.5% 

waste glycerin was due to cathode biofilm, as with pure glycerol.  Replacing the 

cathode after nine batches of 0.5% waste glycerin with an unused cathode from the 

same sheet produced a sharp increase in peak current density, suggesting that some 

aspect of the cathode (e.g., the cathode biofilm) partially contributed to the pattern of 

decrease in current density.  The improvement with a new cathode was short-lived, 

however:  the pattern of decreases in current density resumed for the second batch 

after cathode replacement, even though little biofilm was observed on the new cathode 

surface.  The resumption of declines in performance suggested that the problem was 

not solely due to the cathode, but that the anode bacteria were affected negatively over 

successive batches.  

Selembo et al. (2008) suggest that methanol present in the waste glycerin may 

have a toxic effect on the activity of the anode bacteria.  In the present study, however, 

batches running on 0.5% waste glycerin from which methanol had been removed 

showed a very similar pattern of decrease over successive batches exhibited when 

methanol was present.  Thus, while methanol may indeed have some toxic effect on 

MFC anode bacteria, the decrease over successive batches was not solely due to 

methanol.   

 A third possible explanation for the decrease in performance over successive 

batches of 0.5% waste glycerin is the effect on the MFC bacteria of other components 

in the waste glycerin, including salts, soaps, FFAs, and residual NaOH catalyst.  Salts 

and soaps are each well-known to have anti-microbial properties when they are 

present in high concentration.  Precipitation of salts and soaps from the waste glycerin 
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with 85% phosphoric acid showed that salts and soaps comprised ~12% (wt/vol) of the 

waste glycerin.  When 0.5% of waste glycerin without salts and soaps was used in 

MFCs there was a decrease of just 5.6% in peak current density between the second 

and the 12
th

 batch.   The decrease, furthermore, was less pronounced between each 

batch than that observed with the waste glycerin containing salts.  Since methanol was 

present in this substrate, and since the cathode was not replaced over the course of 

these batches, it was concluded that salts present in the waste glycerin were most 

responsible for the observed decreases in maximum current density over successive 

batches.  The greater decrease in performance of the MFC on 0.5% waste glycerin 

without methanol, compared to 0.5% waste glycerin with methanol, may have been 

due to increased concentration of salts and soaps after evaporation of the methanol 

from the waste.  Since decreases in performance were observed at lower 

concentrations of waste glycerin (0.1%) as well, it can be concluded that, in order to 

maintain the performance of the MFC anode bacterial community, removal of salts 

likely is a more important consideration than removal of methanol in the treatment of 

waste glycerin in MFCs. 
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Chapter 3:  Hydrogen production from glycerol and waste glycerin in 

MECs 

 

3.1 BACKGROUND AND INTRODUCTION 

 

3.1.1 Hydrogen demands for bioenergy and bioproducts  

 

As energy demands continue to grow and readily-available supplies of 

fossil fuels are depleted, research interest in biofuels likely will increase.  

Hydrogen gas, H2, is appealing as an energy carrier due to the higher energy 

yield of hydrogen compared with fossil fuel, and the clean and efficient 

production of electricity in hydrogen fuel cells (Kotay and Das 2008).  In 

addition to its uses for direct energy production, hydrogen gas is a critical 

component for traditional chemical synthesis using hydrogenation reactions, as 

well as in the production of compounds relevant in a new energy economy 

(e.g., Fischer-Tropsch, green diesel production) (Kalnes et al. 2009).  

Regardless of whether technical problems of storage and infrastructure are 

resolved to use hydrogen gas as an energy-carrier, demand for hydrogen for 

industrial and chemical uses will continue to motivate the production of 

hydrogen from non-fossil sources. 

 

 

3.1.2 Biohydrogen production by microbial electrolysis 

 

Conversion of carbohydrates to hydrogen with fermentative bacteria 

(dark fermentation) and conversion of organic acids to hydrogen with 

photosynthetic bacteria (photofermentation) have been studied extensively 

(reviewed in Chong et al. 2009).  Despite a stoichiometric potential of 

12 mol-H2/mol-glucose, however, fermentation techniques can only produce a 

theoretical maximum of 4 mol H2 from a glucose molecule: 
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   C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2   (1) 

 

In practice, only 2–3 mol-H2/mol-glucose is produced during fermentation, 

and the rest of the energy is stored in organic acids and alcohols (Cheng and 

Logan 2007).  

Microbial electrolysis, a technique independently discovered 

approximately five years ago (Liu et al. 2005; Rozendal et al. 2006), provides 

a new method for the production of hydrogen from organic materials.  In a 

microbial electrolysis cell (MEC), electrochemically active microbes growing 

on the surface of the anode break down organic matter into CO2, electrons, and 

protons. The electrons and protons travel through the external circuit and 

solution, respectively, and combine at the cathode to generate hydrogen: 

 

C6H12O6 + 6 H2O   6 CO2 + 12 H2  (2) 

 

The anode process of an MEC is the same as that of a microbial fuel cell 

(MFC).   In an MFC, the higher redox potential of oxygen compared to the 

microbial anode drives the spontaneous flow of electrons from the anode to the 

cathode, generating electricity. In an MEC, however, the reduction reaction of 

H+ ions to H2 at the cathode has a lower redox potential than the anode, such 

that an additional voltage (~0.2-0.9 V) must be applied to the circuit in order 

for the reaction to proceed.  Unlike fermentative processes, in MECs organic 

substrates are used completely in a respiratory process, resulting in hydrogen 

yields approaching the theoretical maximum and recoveries of >90%, and 

energy efficiencies >80%, depending on the substrate (Cheng and Logan 

2007).   

 

3.1.3 The challenge of methane production in MECs 
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Since the mixed culture inoculum often used in MECs is derived from 

wastewater, it contains methanogens in relatively high proportion.  Since 

methane production in MECs is for the most part not derived from acetoclastic 

methanogensis (Wang et al. 2009), the production of methane represents a 

reduction in hydrogen recovery and yield from the MEC system.  Several 

studies have investigated strategies to inhibit methane production in MECs.  

Wang et al. (2009) attempted to limit methane formation in mixed culture 

MECs by boiling the cathode, decreasing batch times, and increasing the 

applied voltage to the MEC.  Other studies exposed the MEC electrodes to 

oxygen between batches or after each gas sample, in order to inhibit 

methanogenesis (Hu et al. 2008).  Methane production has been identified as a 

major hindrance for scale-up of MEC technology, especially with regard to the 

purity of the hydrogen product (Clauwert and Verstraete 2009; Liu et al. 

2010). 

 

3.1.4 Biohydrogen production from glycerol and waste glycerin 

Use of waste organic material as substrate for energy and products 

offers the most significant margins for cost savings and potentially for 

reductions in greenhouse gas emissions (Chong et al. 2008).  Lignocellulosic 

materials such as wood and wood waste products, food and starch-based 

materials, and wastewaters from industrial and municipal sources are potential 

organic substrates for cost-effective biohydrogen production (Kapdan and 

Kargi 2006).  One such waste organic material is the glycerol byproduct that is 

produced 10 wt% in biodiesel manufacture (Yazdani and Gonzalez 2007).  The 

crude waste material from industrial biodiesel production contains the three-

carbon polyalcohol glycerol (65-80 wt%), methanol (5-40 wt%), water, 

residual NaOH catalyst, free fatty acids, fatty acid esters, and fatty acid salts 

(soaps, the product of a side-reaction during transesterification) (Wolfson et al. 

2009; Thompson and He 2006).  The total demand of glycerol in the 

pharmaceutical and microbiological industries is just ~22% of the supply 
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available through current levels of biodiesel production (Selembo et al. 2009).  

Total biodiesel production in the U.S. and E.U. was 6.9 million metric tons in 

2007 and is expected to double by 2012 (Katryniok et al. 2009).  Finding uses 

for the waste glycerol byproduct will improve the viability of the growing biodiesel 

industry.   

Many studies have demonstrated the anaerobic conversion of the pure 

glycerol compound to biohydrogen, ethanol, 1,3-propanediol and other 

fermentation products by pure cultures of organisms in the genera Klebsiella, 

Citrobacter, Enterobacter, and Clostridium (Ito et al. 2005; Yazdani and 

Gonzalez 2007).  Recent studies have quantified fermentative production of 

hydrogen and ethanol from E. coli (Hu and Wood 2010; Dharmadi et al. 2006), 

while other studies used a mixed culture from municipal waste from which 

methanogens were eliminated to generate hydrogen from glycerol in batch 

mixed culture fermentation (Seifert et al. 2009).  Hydrogen yields obtained 

during fermentation of pure glycerol ranged from 0.05-0.28 mol-H2/mol 

glycerol using mixed cultures and 0.61-1.05 mol-H2/mol glycerol using pure 

cultures (Selembo et al. 2009). The raw industrial waste glycerin byproduct 

(containing soaps, NaOH catalyst, free fatty acids, methanol, and potassium 

salts) produced up to 0.31 H2/mol using mixed cultures and 1.12 mol-H2/mol 

using pure cultures (ibid.). 

The versatility of substrate use exhibited by the MEC system suggests 

its use for the production of hydrogen from waste glycerol.  Glycerol is a 

highly reduced substrate, containing 14/3 (~4.667) moles electrons per mol 

carbon, compared with 4 mol electrons per carbon for glucose.  Complete 

oxidation of glycerol to CO2 and H2O yields a theoretical maximum 7 mol-

H2/mol glycerol, according to: 

     

C3H8O3 + 3 H2O   3 CO2 + 14 H
+
 + 14 e

-
  (3) 
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MECs have been shown to produce hydrogen from substrates ranging from 

pure compounds of sugars, carboxylic acids, alcohols and proteins to complex 

mixtures such as biomass hydrolysate and domestic, animal or food-processing 

wastewaters (reviewed in Liu et al. 2010).   

 

3.1.5 Hydrogen production in MECs from glycerol:  Experimental Approach 

Previous studies produced hydrogen in MECs from glycerol using an e-

cell reactor architecture and a brush anode (Selembo et al. 2009), and using a 

continuous flow system (Escapa et al. 2009).  In the present study, a tubular, 

single chamber MEC design with a carbon cloth anode was used to produce 

hydrogen from both pure glycerol and the raw industrial byproduct of biodiesel 

manufacture (referred to as ―waste glycerin‖ in this study).   

In this study, both a mixed consortium and a non-methanogenic pure 

culture were used as the anode biocatalyst. The non-methanogenic culture was 

derived from a different MEC experiment using a co-culture of two different 

species in an MEC.  The motivation to use a co-culture of known species in a 

MEC is to develop a defined culture of two or more species—excluding 

methanogens—that can function together to use the MEC anode to degrade a 

chosen substrate.  In this way, defined co-cultures can be designed to target 

certain substrates such as glycerol.  According to previous research, S. 

oneidensis MR-1 uses lactate or acetate preferentially as electron donors for 

electricity generation in microbial electrochemical systems (Biffinger et al. 

2008).  While recent studies have indicated that E. coli can use an MFC anode 

as electron acceptor after long adjustment periods, and with low current 

densities compared to S. oneidensis MR-1 (Zhang et al. 2006), it was assumed 

that E. coli could not compete with S. oneidensis MR-1 for the anode as 

electron acceptor.  It was expected that, in a co-culture MEC with these two 

species, E. coli (primarily in solution) would ferment glycerol to lactate and 

acetate (Gonzalez et al. 2008); these compounds then would serve as electron 
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donors for S. oneidensis MR-1 on the MEC anode.  Since no methanogens are 

present in this co-culture, no losses of hydrogen would occur due to methane 

formation.  The conceptual schematic for the co-culture experiment is 

illustrated in Figure 13 below.   

 

 

Figure 13:  Initial design for co-culture experiment. S. oneidensis MR-1 uses 

lactate and acetate organic acids from E coli fermentation of glycerol as 

electron donors for current generation.  From previous studies it was assumed 

that E coli DH10B does not use the anode to produce current, and that S. 

oneidensis MR-1 neither ferments glycerol nor uses glycerol directly as a 

carbon source for current generation. 

 

  Results of these co-culture experiments elicited further 

experimentation using MECs with a culture referred to as Citrobacter spp.*  

Hydrogen production by this culture in MECs was assessed, without 

interference by losses of hydrogen to methane.   
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3.2 MATERIALS AND METHODS 

3.2.1 Substrates, media, and microbial cultures  

Pure glycerol was obtained from VWR (Chester, PA).  Waste glycerin 

was kindly provided by Beaver Biodiesel (Corvallis, OR) and consisted of the 

raw industrial byproduct of the transesterification of waste vegetable oil 

(WVO) with methanol.  Methanol-free waste glycerin was prepared by heating 

the waste glycerin near the boiling point of methanol (64.7°C) for 30 minutes.  

The boiling point of methanol is well below the boiling point of other 

components in the waste glycerin, including water (100 ⁰C) and volatile fatty 

acids (2-C VFA is acetic acid with b.p. 118.1 ⁰C).  The difference in mass of 

the waste glycerin before and after boiling, divided by the difference in volume 

was approximately equal to the density of methanol (0.79 g/mL), indicating 

that primarily methanol was removed from the waste glycerin.  The waste 

glycerin containing methanol had a density of 0.924 g/mL, which increased to 

0.984 g/mL after removal of methanol.    

A bacterial growth media with 100 mM phosphate buffer was used in 

MECs.  The media consisted of a modified version of Geobacter media 

developed by Lovley and Phillips (1988).  This modified Geobacter medium 

(MGM) consisted of the following ingredients dissolved in 1.0 L distilled H2O 

without a carbon source (100 mM PBS):  Na2HPO4·7H2O, 15.5 g; 

NaH2PO4·H2O, 5.84 g; NH4Cl, 0.31 g; KCl, 0.13 g; Wolfe’s vitamin solution, 

1.25 mL; trace mineral solution, 12.5 mL.  MGM without a carbon source 

provided a base media to which different carbon sources could be added, 

including pure glycerol at 10 or 50 mM and 0.5% waste glycerin with and 

without methanol.  The pH of all final media solution was adjusted to 7.0 with 

10 mM NaOH and 10 mM HCl, prior to use in MECs.   

A mixed culture consortium originally obtained from wastewater in 

Corvallis Wastewater Treatment Plant and enriched for ~2 years in microbial 
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fuel cells (MFCs) using sodium acetate as electron donor, was used as MEC 

inoculum.  Pure cultures of S. oneidensis MR-1 and E. coli DH10B were 

obtained from ATCC and Invitrogen, respectively, and grown aerobically in 

autoclaved glass flasks for 1-2 batches on soy broth at 30 ⁰C and on LB media 

at 37⁰C, respectively. These cultures were transferred to MGM media 

containing 50 mM glycerol for 3 batches before MEC inoculation.  Similarly, 

Citrobacter spp.*
1
 was grown aerobically in autoclaved flasks on MGM plus 

50 mM glycerol for three batches at 30⁰C before inoculation of MECs. 

 

3.2.2 MEC construction and design 

 MEC reactors were constructed as described previously (Hu et al. 

2009).  Briefly, clear borosilicate glass serum tubes were used as the reactor 

body.  For mixed culture experiments, carbon cloth anodes (Type A without 

wet-proofing; E-Tek, USA) were operated in single chamber batch-fed MFCs 

with glycerol as sole carbon source, until stable power output was obtained, 

indicating the formation of a biofilm.  The anodes were removed from the 

MFC, cut to 3.5 cm
2
 and attached to titanium wire leads that were inserted 

through the anaerobic crimp-top cap of the serum tube.  At the end of a 

separate titanium wire running parallel to the anode wire down the length of 

the tube was a cathode of identical carbon cloth, coated on one side with a 

mixture of 0.5 mg Pt cm
-2

 in Nafion binder, as described previously (ibid.).  At 

the bottom of the tube, the anode and cathode were oriented against each other, 

separated only by a layer of J-cloth (4 x 4 cm
2
), in order to reduce distance 

between anode and cathode while avoiding short circuit between them.  With 

this electrode setup in the serum tube, the total reactor volume (based on liquid 

                                                           
1
 Based on results of DGGE and sequencing, it is assumed that this culture was dominated by 
Citrobacter spp. SX-1, a recently-isolated member of the mixed culture used in the Liu lab.  
Since the purity of this culture was not established with certainty, however, it will be referred 
to as Citrobacter spp* in this work.  
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volume) was 25 cm
2
.  Since 10 mL of liquid was added during media changes, 

the reactor headspace was assumed to be 15 cm
3
.   

 

 

3.2.3 MEC inoculation and operation  

 

MECs were filled with 10 mL media (enough to completely immerse 

the electrode setup in the bottom of the reactor).  Reactors were sealed with 

rubber serum stoppers and crimp style aluminum seals (Miller Analytical). 

Media in the MEC reactors was purged with pure N2 gas for 2 minutes.  A 

voltage of 0.6 V was applied to the MECs by connecting the positive pole of a 

programmable power supply (3645A, Array Elec. Co. Ltd) to the anodes, and 

the negative to the cathodes. A resistor (23 Ω) was incorporated in the 

electrical circuit, and the voltage (V) over the resistor was recorded using a 

multimeter with a data acquisition system (2700, Keithley, USA) to calculate 

current density. Experiments were conducted in batch mode in duplicate or 

triplicate in a temperature controlled chamber at 32°C.  MEC solution was 

replaced when the generated current decreased to less than 10 mA.  Data 

collection for current densities and hydrogen production were started with the 

second or third batch, in order to obtain data on hydrogen yields after selection 

for anode-reducing bacteria. 

 

 

3.2.4 Gas measurement and analysis 

 

Current was calculated according to 

  I = V/R    (4) 

where I is current in amperes, V is voltage, R is external resistance in ohms. 

Current density and volumetric current density were calculated by dividing I 
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by the two-dimensional anode surface area (3.5 cm
2
) or the volume of the 

MEC solution (10 cm
3
), respectively. 

Biogas produced was measured approximately every 12-24 hours by 

sampling of the reactor headspace.  Volumetric fractional percentages of H2, 

CH4, CO2, and N2 were obtained by injecting 100 µL samples of headspace gas 

into a gas chromatograph (6890N, Agilent, USA) equipped with a thermal 

conductivity detector and a column (113-3133 CARBONPLT, J&W Scientific, 

USA) with argon as the carrier gas.  After measuring headspace gases, excess 

gas in the headspace that generated positive pressure was measured and 

released using a glass syringe with lubricated plunger.  

Since very active methanogenesis was observed for the mixed culture 

MECs operating with pure glycerol, exposure to air for 15 minutes was 

performed after every gas sample for the mixed culture (though not for 

Citrobacter spp.*).  The total volume of each measured biogas produced over 

the course of a batch was calculated as 

 

Vt = ∑     
         (5) 

 

 

where Vt is the total volume of the gas produced over the course of the entire 

batch, xi is the volumetric fraction of the gas at sampling point i, and Vi is the 

total volume of all gas in the headspace at sampling point i (where Vi is equal 

to the reactor headspace Vh = 15 mL, plus the total gas volume released at 

point i), and n is the total number of sampling points for the batch.  A time-

series of production for each gas over the course of a batch was generated by 

successive summation at each sampling point of all volume of the gas 

produced to that point, such that the total amount of the gas produced was 

described at the last sampling point by equation (4).   

  

 

3.2.5 Calculations of MEC performance parameters 
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The number of electrons available in glycerol was assumed to be 14 

mol electrons/mol glycerol (Selembo et al. 2009), and the theoretical number 

of Coulombs per batch was calculated according to the glycerol concentration, 

solution volume in the MEC (10 mL), and Faraday’s constant (96485 

Coulombs/mol electrons).  Hydrogen production rate (Q) was calculated as 

m
3
/day/m

3
 over the course of the first day of production.  All other parameters 

used to evaluate MEC performance were calculated as previously described in 

Logan et al. (2008), Call and Logan (2008), and Hu et al. (2009).  Symbols for 

these parameters and a short qualitative description are provided in Table 2. 

 Change in COD of waste glycerin was measured using a standard 

protocol from Chemetrics, Inc. (Calverton, VA).  A calibration curve was 

made using glucose standards, measuring absorbance at 620 nm before and 

after digestion for 2 hours at 150 ⁰C with potassium dichromate and silver 

catalyst.  COD was measured for three replicates of minimal media containing 

0.5% waste glycerin with and without methanol.  Three replicates of post-batch 

MFC solution were also measured in order to determine total change in COD.  

For waste glycerin, the theoretical number of Coulombs in a batch was 

calculated on the basis of COD, with the formula for Cth in Table 1 with the 

molecular weight of oxygen (32 g O2/mol O2), b = 4 mol electrons/mol O2, and 

the COD (g O2/L) of 0.5% waste glycerin media with and without methanol.  

The moles of glycerol in 0.5% waste glycerin for determining YH2 (mol/mol 

glycerol) was calculated as 77% of the change in COD of the substrate before 

and after the batch (Thompson and He 2006). 

Assuming that all electrons that passed through the circuit but were not 

recovered as H2 were converted to CH4 by methanogens in the MEC mixed 

consortium, the moles of methane produced were quantified as nCH4 circuit  = ¼ 

(nCE – nH2).  This calculation assumes 4 mol H2 are required for the formation 

of one mol CH4.  The rest of the methane recovered was assumed to come 

from sources not associated with the MEC circuit, and was quantified as the 

difference between the total methane recovered and nCH4 circuit.   
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Table 2:  Parameters for evaluating the performance of MECs 

Parameter Symbol Formula Units Description 

Theoretical 

Coulombs 

Cth (F*b*v*ΔC) † C The theoretical number of 

Coulombs present in the batch 

substrate 

Observed Coulombs Cobs ∫ I dt C The observed current 

integrated over batch time 

Theoretical H2 nTh Cth/(2F) mol Theoretical mol H2 contained 

in the substrate in the batch 

Molar Coulombic 

efficiency 

nCE Cobs/(2F) mol Theoretical mol H2 possible to 

recover from the current  

Coulombic H2 

recovery 

rCE (nCE/nTh) 

*100% 

% The proportion of substrate 

electrons in solution that 

passed through the circuit 

Recovered H2 nH2  mol Total mol H2 recovered 

Cathodic H2 

recovery 

Rcat (nH2/nCE) 

*100% 

% The proportion of electrons 

that flowed through the circuit 

that were recovered as H2  

Hydrogen yield YH2 (nH2/mol substrate) 

*100% 

mol 

H2/mol  

Efficiency of H2 recovered on 

the basis of substrate 

Hydrogen recovery RH2 (nH2/nTh)*100% = rCE*Rcat*100% % H2 recovery with respect to 

theoretical H2 in substrate 

Energy recovery ηw ((nH2)*(285830 J/mol H2))/WE
‡
 % Energy recovery with respect 

to energy input from applied 

voltage 

Hydrogen 

production rate 

QH2 ((nH2*(m.w.H2))/ρH2)/((days)*(solution 

vol)) 

m
3
/day/m

3
  Volume of H2 produced per 

day, per solution volume 
†
Where F=96,485 Coulombs/mol electrons, b = 14 mol electrons/mol glycerol, v = 10 ml, ΔC = mM glycerol in solution. 

‡ WE is the total energy added by the applied voltage over the course of the batch, according to Call and Logan (2008)
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3.3 RESULTS 

3.3.1 Current densities for MECs on pure glycerol and waste glycerin  

All mixed culture MECs operating on pure glycerol or waste glycerin 

generated current and produced H2.  Maximum current densities in general 

were greater at the higher glycerol concentration of 50 mM, compared to 10 

mM.  At 10 mM glycerol, maximum current densities reached 4.7 A/m
2
, while 

maximum current densities at 50 mM glycerol were higher at 8.00 A/m
2
 

(Figure 14).   

 

 

 

Figure 14:  Current density for mixed culture MECs with 10 mM and 50 mM 

glycerol as sole carbon source.  R = 23 Ω.  At each sampling point, gas in the 

MEC headspace was A) released to atmospheric pressure, without exposing the 

anode and cathode to air and B) exposed to air for 30 minutes before replacing 

the anode and cathode in solution and purging the reactor with N2 for 2 

minutes. Peaks represent spikes in current density after gas collections.   
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Over the course of batches for both 10 mM and 50 mM glycerol, 

current densities exhibited a pattern of a sharp increase within the first 15 

hours of the batch to a maximum, followed by gradually decreasing current 

densities after gas sampling (the sharp peaks in current density observed in 

Figure 14).  Total batch times for MECs with 10 mM glycerol were less than 

half the batch times for 50 mM glycerol.  Current density for 10 mM glycerol 

declined back to baseline by hour 50, while the current density for 50 mM 

glycerol stabilized at ~3.4 A/m
2
 for an additional 50 hours, from hour 67 to the 

end of the batch at hour 117.   

Current densities generated by the mixed culture MECs on waste 

glycerin were an order of magnitude less than those observed for pure glycerol.  

After gas collection at hour 130, current density for the MEC with 0.5% waste 

glycerin with methanol present decreased from ~0.14 A/m
2
 to ~0.11 A/m

2
 and 

did not recover to previous levels by the end of the batch (Figure 15).  Batch 

times were more than 170 hours, nearly 42% longer than the batch times for 

the mixed culture MEC on 50 mM pure glycerol. 
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Figure 15:  Current density (CD) for MECs operating on 0.5% glycerin, with 

and without methanol.  Applied voltage 0.6 V.  R = 23 Ω 

  

 

3.3.2 Hydrogen production in mixed culture MECs on pure glycerol 

Hydrogen was produced by mixed culture MECs using both glycerol 

and waste glycerin as sole carbon source.  Figure 15 shows hydrogen yields 

and production rates for these substrates, assuming that all glycerol was used 

during the batch.  The hydrogen production rate increased 242% when glycerol 

concentration was increased from 10 mM to 50 mM (Figure 16B), while 

hydrogen yield (mol H2/mol glycerol) increased little with the increase in 

substrate concentration (Figure 16A).  Hydrogen yields were 1.8 ± 0.9 mol 

H2/mol glycerol and 1.7 ± 0.8 mol H2/mol glycerol at 50 mM and 10 mM, 

respectively, an increase of just 7.7% YH2.  At 50 mM glycerol, total H2 

production reached nearly 28 mL H2, while total hydrogen production on 10 

mM glycerol reached 7.6 mL H2.  The rCE and Rcat were nearly identical at 10 

mM and 50 mM glycerol (see Table 3). 
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A

 

 

B

 

 

Figure 16:  Mixed culture MEC biogas production:  A) YH2 (mol H2/mol 

glycerol), and B) hydrogen production rate (m
3 

H2/day/m
3
) by mixed culture 

MECs with glycerol or waste glycerin as sole carbon source.   

 

Hydrogen was produced from waste glycerin at 0.5% (wt/vol) 

concentration, with and without methanol.  The MEC operating on 0.5% waste 
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glycerin without methanol achieved a hydrogen yield (YH2) 42.8% greater 

than that of the MEC operating on 0.5% waste glycerin with methanol, 

calculated on the basis of COD measurements of solution, pre- and post-batch.  

The hydrogen production rate for waste glycerin without methanol was slightly 

lower than that with methanol.    

For every substrate and concentration level, the results of the present 

study produced hydrogen at an energy efficiency (ηe) over 100%.  Because the 

substrate used for hydrogen production in this study is a waste material, 

efficiency was evaluated on the basis of electricity energy input from applied 

voltage; the energy input from substrate was not taken into account.  For pure 

glycerol, energy efficiency at 50 mM glycerol was 12.5% greater than that at 

10 mM glycerol.  For waste glycerin, energy efficiency of hydrogen production 

with 0.5% waste glycerin without methanol was 200.3%, 26.5% greater than 

the energy efficiency of 0.5% waste glycerin with methanol. 

 

3.3.3 Losses of hydrogen due to methanogenesis 

Since the inoculum for the MECs was a mixed culture derived from 

waste water, it contained methanogens, the presence of which was 

demonstrated by the production of methane during MEC batches of 10 mM 

glycerol and 50 mM glycerol (Figure 17).   
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Figure 17:  Total biogas yield (mL gas/g glycerol) for mixed culture MECs on 

different substrates. 

 

Methane yield at 50 mM glycerol was 41.5 ± 24.3 mL methane/ g 

glycerol (201.7 ± 95.2  mol methane/mol glycerol).  At 10 mM glycerol 

methane yield was 14% greater, 58.7 ± 14.0 mL methane/g glycerol (229.8 ± 

54.8 mol methane/mol glycerol). No methane production was observed during 

MEC operation on waste glycerin either with or without methanol.   

Assuming all cathodic losses of electrons went to methane formation, 

for the 10 mM glycerol MEC, nearly 37% of the total theoretical hydrogen that 

could have been produced from the circuit (nCE) went to methane formation.  

For 50 mM glycerol, 30.4% of nCE went to methane formation (Figure 18).   
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Figure 18:  Recovered hydrogen and the hydrogen unrecovered from cathodic 

losses, assumed to have been used for methane formation. 

 

Likewise, assuming all the electrons from cathode losses went to methane 

(comprising nCH4 circuit), the remaining amount of methane derived from non-

cathodic sources comprised 39.2% and 38.5% of the total methane formed, for 

10 mM glycerol and 50 mM glycerol, respectively (Figure 19).   
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Figure 19:  Total methane formed from cathodic and non-cathodic sources, 

over batches of 10 mM and 50 mM glycerol 

 

 

3.3.4 Co-culture MEC to prevent methane formation 

 As described above, a co-culture MEC inoculated with both E. coli 

DH10B and S. oneidensis MR-1 was tested in order to generate hydrogen from 

glycerol without methane production.  As shown in Figure 20, after a lag 

period of eight hours after inoculation, the co-culture MEC increased 

dramatically in current density.  The control MECs containing pure cultures of 

E. coli DH10B and S. oneidensis MR-1, however, also increased in current 

density.    
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Figure 20:  Current density in MECs for three cultures on 50 mM glycerol.  R 

= 329 ohms.  The black arrow at hour 62.3 represents inoculation.  

 

 While the greatest voltage was generated by the co-culture, comparable 

current densities by control MECs inoculated with each species alone 

suggested the possibility of contamination of one or more of the MECs.  In 

order to verify the results, MEC experiments were repeated for each of the 

species in pure culture, using new cultures of S. oneidensis MR-1 and E. coli 

DH10B with 50 mM glycerol media.  Neither the new E. coli DH10B nor 

either of two replicate MECs with S. oneidensis MR-1 generated appreciable 

current (Figure 21).   
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Figure 21:  Current densities for repeated pure culture MECs, using new 

cultures of S. oneidensis MR-1 and E. coli DH10B.  Applied voltage 0.6 V, R 

= 329 Ω.  Sharp peaks in current density for S. oneidensis MR-1 are gas 

samples. 

 

 

3.3.5 MEC performance by Citrobacter spp.* 

3.3.5.1 Sequencing tests to determine culture purity 

Since repetition of MECs with E. coli DH10B did not produce the same 

results as those of the co-culture experiment, it was suspected that 

contamination of the co-culture MECs had occurred.  In order to identify the 

dominant culture of the, the 1500 b.p. 16s rDNA gene was extracted from 

samples taken from the solution and anode of that MEC.  A NCBI BLASTN 

search on DNA sequences of the 16s rDNA gene extracted and purified from 

the E. coli DH10B control MEC in the co-culture experiment identified 

matches for the sequence with Citrobacter freundii and Citrobacter koseri.  A 

similar BLASTN search on sequences of purified 16s rDNA from the E. coli 
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DH10B stock culture matched it with E. coli of several strains.  Though it was 

possible that some E. coli DH10B remained, the culture from the E. coli 

DH10B control MEC was renamed Citrobacter spp.* for further MEC testing.  

Agar plate streak tests using MGM plus 50 mM glycerol as carbon source 

showed white, opaque, circular colonies for Citrobacter spp* that were not 

morphologically distinguishable from colonies of a new culture of E. coli 

DH10B.     

 

3.3.5.2 Current generation by Citrobacter spp.* in MECs 

 Citrobacter spp.* generated maximum current densities of 1.8 ± 0.02 

A/m
2
 and 0.9 ± 0.03 A/m

2
 in MECs on 50 mM glycerol and 10 mM glycerol, 

respectively.  These values represent averages from several batches; the 

highest current density observed during any single MEC batch was 2.05 A/m
2
 

(Figure 22).  Maximum current density on 50 mM glycerol was three orders of 

magnitude greater than that observed for S. oneidensis MR-1, though less than 

half of the maximum current density achieved by the mixed culture on 50 mM 

glycerol.  Current density for Citrobacter spp.* on 10 mM glycerol was nearly 

78% less than the maximum achieved by a mixed culture MEC at the same 

substrate concentration.   Batch times for Citrobacter spp.* on 50 mM glycerol 

were greater than 230 hours, which is more than twice as long as the batch 

times for the mixed culture MEC on 50 mM glycerol.  Similar to the mixed 

culture, current density patterns for Citrobacter spp* were characterized by a 

fast increase to a peak, followed by slightly unsteady peak current densities 

gradually decreasing over time.   
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Figure 22:  Current density of Citrobacter spp.* on 50 mM glycerol.  R = 329 

ohms.  Arrows indicate gas collections. 

 

3.3.5.3 Hydrogen production by Citrobacter spp.* in MECs 

  Citrobacter spp* produced hydrogen in MECs at both 10 mM glycerol 

and 50 mM glycerol (Figures 23 and 24).  While current density and Rcat were 

greater for on 50 mM glycerol compared with 10 mM glycerol, hydrogen 

recoveries (RH2) were nearly equivalent between the two substrate 

concentrations: 24.4 ± 1.2 % and 26.2 ± 1.0 % for 10 mM and 50 mM glycerol, 

respectively.  Likewise, hydrogen yields (YH2) were nearly identical at the two 

substrate concentrations: 1.7 ± 0.8 mol H2/mol and 1.8 ± 0.9 mol H2/mol for 10 

mM and 50 mM glycerol, respectively.  The hydrogen production rate at 10 

mM glycerol was 86.4% less than that at 50 mM glycerol.  Coulombic 

efficiency was 59.9 ± 5.2 % at 10 mM glycerol, slightly greater than 57.3 ± 5.5 

% at 50 mM glycerol, likely due to the lower concentration of substrate.  

Hydrogen recoveries and yields for Citrobacter spp* fermenting 50 mM 

glycerol were slightly greater than those for Citrobacter spp.* in MECs on 10 
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mM and 50 mM glycerol.  Only at 50 mM glycerol was the energy efficiency 

of the Citrobacter spp* MEC greater than 100% (Table 4). 

 

 

Figure 23:  Cumulative production of H2 and CO2 by Citrobacter* spp. in 

MECs over the course of a batch of 10 mM glycerol. 

 

 

 

0

0.5

1

1.5

2

2.5

0 20 40 60 80 100 120

V
o

lu
m

e
 g

as
 (

m
L)

 

Time (hours) 

H2

CO2

0

2

4

6

8

10

12

0 20 40 60 80 100 120

V
o

lu
m

e
 g

as
 (

m
L)

 

Time (hours) 

H2

CO2



59 
 

Figure 24:  Cumulative production of H2 and CO2 by Citrobacter* spp. in 

MECs over the course of a batch of 50 mM glycerol.  Data points are averages 

of six different MECs.   

 

 

3.4 DISCUSSION 

3.4.1 Mixed culture MEC performance comparison with previous studies   

Performance parameters of mixed culture MECs operating under 

different substrate conditions are summarized in Table 3.  Included are values 

from previous studies using mixed culture MECs to produce hydrogen from 

glycerol or waste glycerin, as well as a study that produced H2 from glycerol 

by mixed culture fermentation. 

Maximum current densities achieved in the current study for both 10 

mM glycerol and 50 mM glycerol were greater than those achieved in other 

studies using pure glycerol, but less than those reported in the same system 

using acetate as substrate (Hu et al. 2009).  Greater current densities compared 

to previous studies using glycerol did not consistently translate, however, into 

greater yields, recovery rates, or production rates of hydrogen gas.  At 10 mM 

glycerol, while the current density of 149.5 ± 3.2 A/m
3
 solution volume 

achieved in the present study was nearly 29% greater than that reported by 

Selembo et al. (2009) for 10.9 mM glycerol, the yield (RH2) in this study was 

nearly 62% lower than that reported in that study.  Since RH2 is equivalent to 

rCE*Rcat, this lower RH2 is consistent with the lower values of rCE and Rcat 

achieved in the present study, compared with that reported by Selembo et al. 

(2009).  Likewise, at 10 mM glycerol, the hydrogen production rate of the 

current study of 0.35 ± 0.02 m
3
/day/m

3
 was 82.5% less than that achieved by  
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Table 3:  Hydrogen production parameters of mixed cultures on glycerol or waste glycerin in MECs or fermentation 

Substrat

e 

MeOH Mode, 

Electrode 

Material 

Applie

d V (V) 

rCE 

(%) 

Rcat 

(%) 

RH2 

(%) 

YH2 

(mol 

H2/mol 

glycerol

) 

Q 

(m
3
/day/m

3
) 

ƞe (%) Cit 

10 mM 

pure 

glycerol 

n/a Batch 

tube, 

carbon 

cloth  

0.6 59.9 ± 

5.2 

41.0 ± 

5.5 

24.4 ± 

1.2 

1.7 ± 

0.8 

0.35 ± 0.02 104.3±21.

1 

This 

study 

50 mM 

pure 

glycerol 

n/a Batch 

tube, 

carbon 

cloth  

0.6 57.3 ± 

5.5 

45.8 ± 

6.0 

26.2 ± 

1.0 

1.8 ± 

0.1 

1.3 ± 0.1 117.7±29.

0 

This 

study 

10.9 

mM 

pure 

glycerol 

n/a Batch E-

cell, 

graphite 

brush  

0.5 99 ± 

10 

64 ± 15 63 ± 16 3.1 ± 

0.9 

2.0 ± 0.4 198 ± 48 Selemb

o et al. 

(2009) 

32.6 

mM 

pure 

glycerol 

n/a Batch E-

cell, 

graphite 

brush  

0.5 49 ± 5 1 ± 1 49 ± 1 Not 

reported 

0.01 ± 0.01 4 ± 2 Selemb

o et al. 

(2009) 

29.3 

mM 

pure 

glycerol 

n/a Continuou

s flow,  

graphite 

felt  

1.0 34 Not 

reporte

d 

Not 

reporte

d 

5.39 ± 

0.90 

0.62 ± 0.04 Not 

reported 

Escapa 

et al. 

(2009) 

109 mM 

pure 

glycerol 

n/a Mixed 

culture 

ferment 

n/a n/a n/a Not 

reporte

d 

0.41 0.504 ± 0.005 Not 

reported 

Seifert 

et al. 

(2009) 
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Table 3 (Continued):  Hydrogen production parameters of mixed cultures on glycerol or waste glycerin in MECs or 

fermentation 

 

0.5% waste 

glycerin 

yes Batch tube, carbon 

cloth  

0.6 9.2 ± 

0.9 

79.5 ± 

8.0 

7.3 ± 

0.7 

0.5 ± 

0.1 

0.13 ± 

0.01 

173.8 ± 

17.5 

This study 

0.5% waste 

glycerin 

no Batch tube, carbon 

cloth  

0.6 5.9 ± 

1.3 

90.6 ± 

20.0 

5.3 ± 

1.2 

0.7 ± 

0.1 

0.09 ± 

0.02 

200.3 ± 

44.2 

This study 

0.1% waste 

glycerin  

yes Batch E-cell, 

graphite brush  

0.6 65 ± 

8 

72 ± 

19 

Not 

reporte

d 

1.8 0.30 ± 

0.01 

182 ± 

47 

Selembo et al. 

(2009) 
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Selembo et al. (2009).  The lower yields and production rates are partly due to 

methane formation in the present study, which used over 30% of the Coulombs 

that passed through the MEC circuit.  Additionally, the graphite brush anode 

used by Selembo et al. (2009) generally provides a greater surface area for 

bacterial attachment, increasing the likelihood of reaction between substrate 

and microbial catalyst, thereby improving yields and efficiencies.   

At 50 mM glycerol, the current study achieved greater current density 

(7.5 ± 0.4 A/m
2
, 238.6 ± 12.7 A/m

3
), rCE (57.3 ± 5.5%), and Rcat (45.8 ± 6.0 

%) than that reported by Selembo et al. (2009) or Escapa et al. (2009) at their 

highest glycerol concentrations of 32.6 mM and 29.3 mM glycerol, 

respectively.  The hydrogen production rate of the present study was 43.5% 

greater than that reported by Escapa et al. (2009), despite the continuous flow 

mode of the reactor in that study. 

A mixed culture MEC with 0.1% waste glycerin in Selembo et al. 

(2009) achieved rCE, hydrogen recoveries, and hydrogen production rates for 

0.1% waste glycerin that were greater than those achieved in the present study 

for 0.5% waste glycerin.  Rcat in the present study exceeded that of Selembo et 

al. (2009).    

Energy efficiencies at a higher glycerol concentration of 50 mM 

glycerol were greater than the very low value of 4% reported by Selembo et al. 

(2009) at 32.9 mM glycerol, the highest concentration tested in that study.  At 

a lower concentration of ~10.9 mM glycerol, however, energy efficiency 

reported by Selembo et al. (2009) was 47.3% greater than the energy 

efficiency reported at 10 mM glycerol in the present study, partly due to the 

lower applied voltage (0.5 V) used in that study.  Finally, ηe values in the 

present study for 0.5% waste glycerin were similar to or (in the case of 0.5% 

waste glycerin without methanol) greater than those achieved at 0.1% waste 

glycerin by Selembo et al. (2009).   
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3.4.2 Comparison of mixed culture MEC with mixed culture fermentation   

Hydrogen yields at both 10 mM and 50 mM glycerol in this study were 

nearly 315% greater than yields achieved during fermentation of glycerol to 

hydrogen by a mixed culture in which methanogens were inhibited (Seifert et 

al. 2009).  Hydrogen production rates in the present study were lower at 10 

mM glycerol than those in that study, but 78% greater at 50 mM glycerol.  

Unlike the MEC process, mixed culture fermentation does not require added 

energy input in the form of applied voltage and does not require material costs 

in the form of electrodes.  Lower hydrogen yields, as well as the requirement 

of boiling and freezing (-20 ᵒC) inoculum to eliminate methanogens, and 

higher temperatures of operation (37 ᵒC) add energy costs to the process of 

mixed culture fermentation, however, that highlight the advantages of the 

MEC process.    

 

3.4.3 Coulombic losses to methane formation in mixed culture MECs 

Since the mixed culture inoculum often used in MECs is derived from 

wastewater, it contains methanogens in relatively high proportion.  Methane 

production has been identified as a major hindrance for scale-up of MEC 

technology, especially with regard to the purity of the hydrogen product 

(Clauwert and Verstraete 2009; Liu et al. 2010).  In the present study nearly 

40% of the methane produced on batches of 10 mM and 50 mM glycerol could 

not be accounted for by cathodic losses, even assuming that 100% of those 

cathodic losses went to methane formation.  While acetoclastic 

methanogenesis is an important source of methane in anaerobic digestion, it 

has been shown that acetoclastic methanogenesis contributes little methane in 

MECs (Wang et al. 2009).  In that case, it is likely that the non-cathodic 

methane produced in this study derives from hydrogenotrophic 

methanogenesis using hydrogen from fermentation of glycerol.  Since 

fermentative hydrogen is not derived from the MEC circuit, the 
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hydrogenotrophic methanogens that use this hydrogen need not be 

concentrated on the cathode surface, and may subsist in solution.  Thus, 

exposure of the cathode to oxygen or increasing the applied voltage may be 

unable to eliminate methane formation from fermentative hydrogen that it is 

for hydrogen derived from the cathode.  Selembo et al. (2009) reported 

severely decreased (but not eliminated) methane production by increasing 

applied voltage, but they did not quantify hydrogen derived from non-cathodic 

sources or the amount of methane decrease. 

 

3.4.4 MEC performance with Citrobacter spp* 

 During the co-culture experiment, contamination of the control MEC 

containing E. coli DH10B likely occurred as a result of operation of the MEC 

reactors in a growth chamber that contained MFCs and MECs operating with 

the wastewater mixed culture, a mixed consortium from which Citrobacter 

spp. SX-1 was isolated.  While all transfers and handling of the reactors were 

conducted using sterile technique, bacteria from the air, from lab implements, 

or on the outer surfaces of the MEC reactors themselves provided a ready 

source of contamination for pure culture MFCs and MECs during the co-

culture experiment. 

Although the presence of Citrobacter does not entail that no E. coli 

DH10B remained in the E. coli test culture, the lack of either current 

generation or hydrogen production in later MEC tests using new cultures of E. 

coli DH10B from storage suggests that Citrobacter primarily was responsible 

for the hydrogen and current generation observed in the co-culture MEC 

experiments.  Furthermore, previous studies indicate that glycerol is a 

preferred substrate of various species in the Citrobacter genus, while E. coli 

uses glycerol only under special substrate conditions (including sodium 

selenite, tricine, and high glycerol concentration) that were not present during 

these MEC experiments (Gonzalez et al. 2008).  Considering the relatively 
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robust growth rate of E. coli compared with most other bacterial species, it is 

reasonable to conclude that if Citrobacter spp. was able to out-compete E. coli 

in the MEC environment on glycerol to the extent that a sample from the 

culture was identified with sequencing as a member of the Citrobacter genus, 

then most of the relevant hydrogen production in an MEC with this culture was 

due to Citrobacter, not E. coli.  The culture was referred to as ―Citrobacter 

spp.*‖ to indicate that, its MEC activity likely is dominated by Citrobacter, 

even though some E. coli cells may still be present.   

In this study, the current density generated by Citrobacter spp* in an 

MEC on 50 mM glycerol was greater than any current density reported for a 

pure culture MFC or MEC, except for R. palustris DX-1, Acidiphilum sp. 

3.2sup5, and Geobacter sulfurreducens in MFCs (Liu et al. 2010), none of 

which used glycerol as carbon source or used a single chamber MEC.  While 

Hu et al. (2008) reported hydrogen production by S. oneidensis MR-1 in this 

MEC system, the current density was not reported in that study.   

With respect to hydrogen production, hydrogen production rates for 

Citrobacter spp.* in an MEC on 50 mM glycerol were an order of magnitude 

greater than those achieved by S. oneidensis MR-1 on lactate as a carbon 

source (Hu et al. 2008).  As shown in Table 4, however, Citrobacter spp* 

fermenting 50 mM glycerol had greater hydrogen recovery and hydrogen 

yields than the Citrobacter spp* MEC on 50 mM glycerol.  Since this culture 

shows such high fermentative hydrogen production activity on glycerol, it is 

likely that glycerol fermentation to hydrogen contributed to the total hydrogen 

recovered in the MEC.    

 Hydrogen production rates for the Citrobacter spp* MEC on 50 mM 

glycerol, however, were nearly double the hydrogen production rates from 

fermentation, and greater than the hydrogen production rates from glycerol 

fermentation by a genetically altered E. coli BW25113 (Hu and Wood 2010).  

Although the MEC system requires added energy input in the form of applied 

voltage, the added effort in the form of genetic manipulation and a long 
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process of evolutionary adaptation to glycerol makes it debatable whether 

fermentation by this E. coli strain is preferable to hydrogen production by 

Citrobacter spp* in an MEC. 

In comparison with mixed culture MECs on glycerol, MECs with 

Citrobacter spp.* had comparable but lower performance across all parameters 

(Table 4).  For 50 mM glycerol, hydrogen recovery and yield for Citrobacter 

spp.* was approximately half that of the mixed culture MEC at the same 

glycerol concentration.  The hydrogen production rate for the Citrobacter 

spp.* MEC was 58.4% lower than the mixed culture MEC.  Energy recovery 

for Citrobacter spp.* on 50 mM glycerol was energy-positive (102%), but less 

than 117.7% for the mixed culture MEC at the same glycerol concentration.  

At 10 mM glycerol, hydrogen recovery, yield, and production were less for 

Citrobacter spp.* than for the mixed culture MEC.  While the mixed culture 

MEC was energy-positive at 10 mM glycerol, furthermore, the Citrobacter 

spp* MEC was energy-negative, with an energy efficiency of 61.1%.  Thus, 

hydrogen production using this culture would require more energy as an input 

in the form of applied voltage than the energy obtained through the hydrogen 

produced. 
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Table 4:  Performance of pure cultures on glycerol 

Culture Glycerol 

Concentration 

(mM) 

Applied 

Voltage (V) 

Max Current 

Density 

(A/m
2
) 

rCE 

(%) 

Rcat 

(%) 

RH2 

(%) 

YH2 

(mol 

H2/mol

) 

Q 

(m
3
/

day/

m
3
) 

ƞe (%) Citation 

Citrobacter 

spp*
1
 MEC  

50 0.6 1.8 ± 0.2 45.1 ± 

0.1 

29.5 ± 

0.1 

13.3 ± 

0.0 

0.93 ± 

0.05 

0.37 

± 

0.02 

102.3 

± 16.9 

This 

study 

Citrobacter 

spp* MEC  

10 0.6 0.9 ± 0.3 58.7 ± 

0.5 

22.3 ± 

5.4 

13.1 ± 

3.3 

0.92 ± 

0.23 

0.05 

± 

0.01 

61.1 ± 

8.3 

This 

study 

Citrobacter 

spp* 

Fermentation  

50 n/a n/a n/a n/a 15.3 ± 

6.8 

1.07 ± 

0.05 

0.20 

± 

0.09 

n/a This 

study 

E. coli 

BW25113 

Fermentation 

108.5 n/a n/a n/a n/a n/r n/r 0.36 

± 

0.09 

n/a Hu and 

Wood 

(2010) 
1
Based on sequencing results, this culture is assumed to be dominated by Citrobacter spp. (see section 3.1.5) 



68 
 

 

Chapter 4:  Conclusions  

Aerobically-cultured pure cultures of S. oneidensis MR-1 and R. 

palustris ATCC 17001 generated current in single-chambered, membrane-free, 

air-cathode MFCs on glycerol as sole carbon source. This is the first study to 

the author’s knowledge that reports current generation in MFCs by either of 

these cultures on glycerol.  S. oneidensis MR-1 generated appreciable current 

at lower glycerol concentrations (10 mM) only after several batches at high 

glycerol concentration (50 mM).   

A mixed culture of wastewater bacteria generated higher current 

densities in MFCs than any of the pure cultures and achieved a maximum 

power density of 2.70 ± 0.15 W/m
2
 anode surface area (47.8 ± 2.6 W/m

3
 

reactor volume) at a current density of 7.7 ± 0.21 A/m
2
 anode surface area on 

batches of 10 mM pure glycerol.  Maximum MFC voltage produced with 

different concentrations of glycerol followed Michaelis-Menten kinetics, with 

a Km of 2.9 mM glycerol and a theoretical Vmax of 0.437 volts.  Coulombic 

efficiencies decreased linearly with increased glycerol concentration.  These 

power and current densities represent the best performance reported so far 

among the few studies that have reported on the use of glycerol as a substrate 

in MFCs. 

 Maximum volumetric current and power densities achieved by a mixed 

culture MFC operating on 0.5% waste glycerin in this study (147.7 A/m
3
 and 

56.8 W/m
3
) were greater than those reported with waste glycerin in previous 

studies, but CE values (10-17.6%) were significantly lower than in previous 

studies using this substrate.  Low CE likely was attributed to losses from 

aerobic respiration of substrate in the micro-aerobic environment of a single-

chambered air-cathode MFC.  Decreases in maximum current density of 43.4% 

and 65.1% were observed over successive batches of waste glycerin with and 

without methanol, respectively.   Since the same pattern of decreasing 
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performance was observed when methanol was removed but not when salts, 

soaps, FFAs, and residual catalyst in the waste glycerin (leaving the methanol 

present), the decrease in performance was attributed to salts and soaps rather 

than to toxic effects of methanol.  Previous studies have assumed that methanol 

would be toxic to MFC bacteria.  The results of the present study suggest that 

methanol removal, common practice in biodiesel operations, may increase 

current densities compared to waste glycerin containing methanol, but that 

performance will decline nonetheless, due to soaps and salts in the waste 

glycerin.    

 Potentiometric tests indicated a downward shift in a best-fit line of 

cathode-potential vs. current density after the development of thick biofilm on 

the cathode surface during several batches on glycerol.  The best fit lines of 

cathode potential vs. current density before and after cathode biofilm 

development during batches of glycerol were used to predict a 30.2% decrease 

in power density after biofilm development on the cathode.  This prediction 

compared well with the 25.7% decrease in power density that was actually 

observed.  The cathode biofilm may negatively affect overall MFC 

performance by forming a layer inhibiting proton access to the catalytic surface 

of the cathode, by spoiling the catalyst with biofilm or bacterial byproducts, 

and by losses of substrate and/or oxygen availability due to aerobic respiration 

by bacteria in the cathode biofilm.  Reduction of cathode biofilm growth, 

perhaps due to a pre-treatment of the cathode to prevent bacterial attachment, 

may result in reduced internal resistance, improved CE, and a longer cathode 

lifespan, thereby improving overall MFC system performance.   

Single chamber, membrane-free mixed culture MECs were able to 

produce hydrogen successfully from both pure glycerol and waste glycerin 

byproduct from biodiesel manufacture.  At an applied voltage of 0.6 V, a 

maximum current density of 7.5 ± 0.4 A/m
2
 (238.6 ± 12.7 A/m

3
) was observed, 

the highest reported current density for a MEC operating on glycerol.  

Maximum current densities on 0.5% waste glycerin with and without methanol 
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were 0.1-0.2 A/m
2
, less than previously reported values.  Hydrogen yields from 

the mixed culture MEC were 0.89 ± 0.04 mol hydrogen/mol glycerol, at energy 

efficiency of 117.7%.  Hydrogen yields on waste glycerin were an order of 

magnitude lower, though energy efficiencies were greater than those for pure 

glycerol.  Methane formation reduced hydrogen recoveries by 36.8% and 

30.4% from the theoretical value of hydrogen that could have been produced 

from the total number of electrons that passed through the MEC circuit on 10 

mM and 50 mM glycerol, respectively.  Exposure to oxygen for 30 minutes 

between gas samples did not eliminate methane production. 

Co-culture experiments designed to avoid methane production were 

contaminated by an organism given the name Citrobacter spp* after 

sequencing of 16s rDNA from this culture indicated it to be part of that genus.  

It was assumed that this culture was dominated by the Citrobacter organism, 

even though it was possible that E. coli DH10B cells from the original 

inoculum persisted.  This culture was found to produce high current densities 

of ~2.0 A/m
2
 in MECs on 50 mM glycerol, at yields of 0.93 ± 0.05 mol 

hydrogen/mol glycerol, energy efficiency greater than 100%, and hydrogen 

production rate greater than that of fermentative hydrogen production from 

glycerol by this species and by a genetically altered E. coli strain. 

Performance of MFCs on both glycerol and waste glycerin exceeding 

the results of previous studies indicate the effectiveness of MFCs as a method 

for treatment of this abundant waste product of biodiesel manufacture.  The 

production of hydrogen in mixed culture MECs with yields and rates higher 

than those reported for fermentative hydrogen production suggest a role for 

this technology to convert glycerol into hydrogen for use as an energy carrier 

or industrial chemical processes.  While the use of Citrobacter spp.* in MECs 

resulted in the production of hydrogen from glycerol without losses to 

methane, hydrogen yields were lower than those from the same culture 

fermenting glycerol to hydrogen.  A detailed analysis of energy recoveries 

from using MECs for hydrogen production, compared with fermentative 
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strategies, will be required to determine the usefulness of using MECs to 

produce hydrogen from glycerol with pure cultures.  Finally, the results of this 

study suggest that removal of residual potassium salts, soaps, and catalyst, 

MFCs and MECs will be necessary to maintain healthy bacterial cultures for 

energy production in MFCs and MECs.   

While the commercialization of microbial electrochemical systems is 

still several years in the future , the results of this study indicate the likelihood 

that commercialized MFCs and MECs will be able to produce energy 

effectively from the waste glycerol from biodiesel manufacture, an important 

step in improving the economic viability of the growing biodiesel industry. 
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