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ABSTRACT 

 

Wastewater treatment is energy intensive, with modern wastewater treatment processes 

consuming 0.6 kWh/m3 of water treated, half of which is required for aeration. 

Considering that wastewater contains approximately 2 kWh/m3 of energy and represents 

a reliable alternative water resource, capturing part of this energy and reclaiming the 

water would offset or even eliminate energy requirements for wastewater treatment and 

provide a means to augment traditional water supplies. Microbial electrochemical 

technology is a novel technology platform that uses bacteria capable of producing an 

electric current outside of the cell to recover energy from wastewater. These bacteria do 

not require oxygen to respire but instead use an insoluble electrode as their terminal 

electron acceptor. Two types of microbial electrochemical technologies were investigated 

in this dissertation: 1) a microbial fuel cell that produces electricity; and 2) a microbial 

electrolysis cell that produces hydrogen with the addition of external power. On their 

own, microbial electrochemical technologies do not achieve sufficiently high treatment 

levels. Innovative approaches that integrate microbial electrochemical technologies with 

emerging and established membrane-based treatment processes may improve the overall 

extent of wastewater treatment and reclaim treated water. Forward osmosis is an 

emerging low-energy membrane-based technology for seawater desalination.  

In forward osmosis water is transported across a semipermeable membrane driven by 

an osmotic gradient. The microbial osmotic fuel cell described in this dissertation 

integrates a microbial fuel cell with forward osmosis to achieve wastewater treatment, 

energy recovery and partial desalination. This system required no aeration and generated 
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more power than conventional microbial fuel cells using ion exchange membranes by 

minimizing electrochemical losses.  

Membrane bioreactors incorporate semipermeable membranes within a biological 

wastewater treatment process. The anaerobic electrochemical membrane bioreactor 

described here integrates a microbial electrolysis cell with a membrane bioreactor using 

conductive hollow fiber membrane to produce hydrogen gas, treat wastewater and 

reclaim treated water. The energy recovered as hydrogen gas in this system was sufficient 

to offset all the electrical energy requirements for operation.  

The findings from these studies significantly improve the prospects for simultaneous 

wastewater treatment, energy recovery and water reclamation in a single reactor but 

challenges such as membrane biofouling and conversion of hydrogen to methane by 

methanogenesis require further study. 
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1. Introduction 

1.1 The water-energy nexus  

Water, energy and food are undoubtedly the most critical issues the world will face this 

century. These resources are tightly interconnected in a relationship that researchers and 

policy makers refer to as the Water-Energy-Food nexus.1-3 The World Economic Forum 

recently expanded this to include climate change due to the influence of the activities 

associated with providing water, energy and food on a changing climate.4 Energy 

production relies heavily on water for various processes such as cooling for power 

generation, and the extraction, transport and processing of fuels and irrigation of crops 

used to make biofuels. Approximately 90% of global energy production is water 

intensive and not sustainable.5 The International Energy Agency estimated water 

withdrawals for energy production to be 15% of global water withdrawal, second only to 

agriculture.6 Energy is essential for the extraction, treatment, and distribution of water as 

well as for its collection and treatment after use.5 Demands for freshwater and energy will 

continue to grow driven by economic development, population growth, lifestyle changes 

and consumption patterns that are ever evolving.5 This increase in demand will place 

even more pressure on natural water and energy sources. Worldwide water withdrawal is 

dominated by the agricultural sector, most of which is consumptive use i.e. water taken 

from available supply that is used by the plants or lost to evaporation and runoff and is 

therefore not returned to a water resource system (Figure 1.1).  
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Figure 1.1. Trends in global water use by sector.7  
 

Today it is estimated that 768 million people lack access to improved quality water 

and 2.5 billion do not have access to improved sanitation.8 Though progress has been 

made toward the Millennium Development Goal to halve the proportion of these 

populations by 2015, new approaches to water and wastewater treatment with low energy 

demands are required if we are to provide all of the world’s population with clean safe 

drinking water and adequate sanitation. In the United States, the water infrastructure is 

estimated to consume 4-5% of total electricity production9 of which wastewater treatment 

accounts for 1.5-3%.9, 10  

With increasing water scarcity, brought on by climate change effects, increased 

population density and urbanization, alternative water sources become ever more 

relevant. Since 97% of the world’s water is seawater, desalination is an essential source 
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of water to relieve the pressure on freshwater sources.11 Desalination already satisfies a 

significant portion of the water demand in water scarce regions such as the Middle East, 

Australia, parts of the US and Europe and is growing worldwide (Figure 1.2). 

Desalination technologies are energy intensive with thermal based evaporation processes 

consuming large amounts of, predominantly, fossil fuel energy. The simplest of these 

techniques is single-stage evaporation which consumes as much as 650 kWh/m3 of water 

produced.12 Evaporative techniques that use multiple cycles such as multi-stage flash 

(MSF) and multi-effect distillation (MED) have lower energy consumption of 55-80 

kWh/m3 and 40-65 kWh/m3 respectively.12 By comparison, membrane-based treatment 

such as reverse osmosis (RO) uses 3-4 kWh/m3 of water produced12, 13, though the 

theoretical limit is 0.79 kWh/m3 for 3.5% salt water.12  

 

Figure 1.2. Anticipated growth of new desalination capacity worldwide to 2030.14 
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Energy demand for domestic wastewater treatment using conventional aerobic 

activated sludge (CAS) treatment processes is estimated at 0.6 kWh/m3, with 

approximately half of this energy being consumed for aeration.10 Aerobic membrane 

bioreactors have been developed for wastewater treatment applications and produce 

effluents with high water quality but consume even more energy than CAS (0.8-2 

kWh/m3).15, 16 A significant portion of the energy consumption for MBRs is due to 

aeration that is required for bacterial respiration and fouling control. The conventional 

model of wastewater treatment is based on oxidative removal of mainly carbon and 

nitrogen and requires the presence of oxygen provided by aeration which accounts for the 

largest fraction of the energy input. Wastewater contains energy though, in some cases as 

much as nine times that required to treat it.17 Wastewater provides an opportunity to 

challenge the established model for wastewater treatment and enable the development of 

a sustainable wastewater infrastructure if a large enough fraction of this energy can be 

recovered.  

The energy available in domestic wastewater varies around the world due to 

differences in household water consumption but is estimated at 1.2 kWh/m3 in the Unites 

States (assuming 330 million people, 230 L/d, 300 mg/L BOD, 3.5 kcal/g BOD)18 and 

experimentally determined to be between 1.8 and 2.1 kWh/m3 in the United Kingdom.19 

Capturing this energy would provide a renewable energy source and significantly reduce, 

or even eliminate, the energy needed for wastewater treatment. Domestic wastewater also 

represents a reliable and significant water resource that can be exploited to augment 

traditional water supplies to meet increasing water demands.  
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Wastewater reclamation and reuse enables multiple and more efficient use of water 

resources. For example, agricultural irrigation is the sector with the highest water use 

globally (Figure 1.1). It also represents the highest consumption use of water which is the 

portion of the water that is essentially lost and cannot be reused. If treated potable water 

were first provided for domestic use and then reclaimed for use in the agricultural sector, 

this would reduce water withdrawals for irrigation thereby lowering overall water 

consumption. In addition, energy is invested to remove nutrients, such as NH4
+, from 

domestic wastewaters to ensure good quality water for discharge to the environment. 

However, readily available nutrients are essentially free and can be used by crops. This 

approach of maximizing water use is the foundation of the “fit-for-purpose” principle 

advocated by the water reuse community (Figure 1.3). Municipal and industrial use of 

potable (drinking) water supplies degrades water quality to the point at which it is 

referred to as wastewater. The quality of wastewater needs to be upgraded by wastewater 

treatment to meet international regulatory standards for water quality to protect the 

aquatic environment and other potential uses.20  
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Figure 1.3. Changes in water quality and energy requirement over the course of the water use and 
treatment cycle. Adapted from Asano (2002)20 and Lazarova (2014).21  
 

The energy investment required to treat the reclaimed water ultimately depends on the 

technology used and the intended use of the water. The presence of trace organic 

compounds in water is an increasingly important water quality parameter. The presence 

of trace organic compounds (TOrCs), such as pharmaceuticals,22-25 personal care 

products,26-29 endocrine disrupting compounds,30, 31 pesticides32-35 and flame retardants,36-

38 amongst others, in wastewater effluents and freshwater sources worldwide has created 

concern over the ability of current water and wastewater treatment technologies to deal 

with these compounds of emerging concern. Wastewater effluent discharges are 

considered to be the primary route for TOrCs into the aquatic environment and therefore 

they pose a challenge to the acceptance and application of wastewater reclamation and 

reuse practices. New technologies or innovative approaches to coupling and integrating 
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technologies that also ensure reliable water quality are crucial to wastewater treatment 

and reuse. 

A significant change to the existing models for water and wastewater treatment is 

needed if we are to better manage available water resources and ensure a more 

sustainable water infrastructure that meets stringent water quality regulations into the 

future. This could not be more important considering a changing climate that generates 

considerable uncertainty regarding the risks of water resources availability into the future. 

It is not practical to assume that developing nations can provide improved water and 

sanitation to greater proportions of their populations using conventional technologies as 

the energy burden would be too great to sustain. Enabling changes to the existing models 

requires a more holistic view of the interactions between water and energy and 

identifying opportunities to effect change. Wastewater represents one such opportunity.  

1.2. Objectives  

The objectives of this dissertation were to demonstrate the feasibility of integrating the 

operating principles of METs with other membrane-based water treatment systems for 

energy recovery and water reuse, and to evaluate the capacity for METs to attenuate trace 

organic compounds. The first objective was to combine an air-cathode MFC with forward 

osmosis (FO) to achieve partial desalination of a saltwater solution while recovering 

energy as electric current. This integrated system was referred to as a microbial osmotic 

fuel cell (MOFC) and it incorporated a FO membrane between the anode and the cathode 

electrodes. To evaluate the effectiveness of this integration, the performance of the 

MOFC was compared to MFCs using either a cation or anion exchange membrane. The 

second objective was to test conductive, porous hollow fiber membranes made from 
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nickel (Ni-HFM) as a dual function cathode for hydrogen production and water 

reclamation in an MEC treating low organic strength solutions. This novel process is 

known as an anaerobic electrochemical membrane bioreactor (AnEMBR). The third 

objective was to investigate the performance and fouling propensity of graphene coated 

Ni-HFM in AnEMBRs treating low organic strength solutions at different applied 

voltages. The final objective was to evaluate the ability of MFCs and MECs operated at 

fixed anode potential to attenuate trace organic compounds (TOrCs) that are commonly 

found in domestic wastewaters. 

Two novel approaches are presented here for integrating microbial electrochemical 

technologies with emerging and established membrane-based water treatment 

technologies to demonstrate the potential for low energy wastewater treatment with the 

recovery of water and energy. In Chapter 3, it is shown that an air-cathode microbial fuel 

cell (MFC) can be combined with forward osmosis to achieve wastewater treatment, 

energy recovery, and desalination in a single reactor. This work demonstrated that an air-

cathode configuration is a feasible approach for this integration as it avoids the costs for 

aeration of a catholyte that other systems would incur. The study included a performance 

comparison using both cation and anion exchange membranes. This chapter has been 

published in the Journal of Membrane Science, with co-authors B.E. Logan, P.E. Saikaly 

and G.L. Amy. I devised and conducted all experiments, wrote the draft manuscript, and 

all co-authors assisted with editing. 

Chapters 4 and 5 describe the use of porous, metal-based hollow fiber membrane as a 

cathode in a microbial electrolysis cell (MEC). This new system is called an anaerobic 

electrochemical membrane bioreactor (AnEMBR). Chapter 4 describes the proof-of-
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concept study demonstrating that the nickel hollow fiber membrane (Ni-HFM) served the 

dual function of cathode for the hydrogen evolution reaction (HER) and membrane for 

filtration of the effluent to reclaim water and approached energy neutrality. The 

recovered gas was composed primarily of methane due to the presence of 

hydrogenotrophic methanogens on the cathode electrode that converted the hydrogen 

evolved at the cathode surface to methane. This work was carried out in collaboration 

with Dr K.P. Katuri and resulted in a manuscript authored by K.P. Katuri, C.M. Werner, 

R. Jimenez-Sandoval, W. Chen, S. Jeon, Z. Lai, G.L. Amy and P.E. Saikaly entitled “A 

Novel Anaerobic Electrochemical Membrane Bioreactor with Conductive Hollow Fiber 

Membrane for Treatment of Low Organic Strength Solutions” that is currently being 

prepared to be submitted to a journal. K.P. Katuri designed the experiment and W. Chen, 

S. Jeon and Z. Lai fabricated the nickel-based hollow fiber membrane and performed 

XRD analysis. R. Jimenez-Sandoval, K.P. Katuri and I carried out the experiments and I 

analyzed the data. I prepared the first draft of the manuscript and K.P. Katuri and P.E. 

Saikaly were involved with the editing of the manuscript.  

Chapter 5 describes the fouling and performance of graphene coated Ni-HFM in 

AnEMBRs at different applied voltages (Eps). The findings of this study show that 

fouling occurred irrespective of the Eps but the onset of fouling was delayed and fouling 

propensity was less when the system was started at higher Eps. This work was also carried 

out in collaboration with Dr K.P. Katuri. K.P. The graphene coated nickel hollow fiber 

membranes were provided by Prof. Zhiping Lai’s researchers. Katuri and I designed the 

experiment; I carried out the experiment, analyzed the data and wrote the thesis chapter.  
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The final technical chapter (Chapter 6) describes an examination of the attenuation of 

trace organic compounds (TOrCs) from solution using MFCs and MECs. TOrCs are 

compounds of emerging concern and play an increasingly important role in the 

acceptance and implementation of wastewater reclamation and reuse. This work showed 

that MFCs and MECs could be used to attenuate some TOrCs and that both 

biotransformation and sorption played a role in their removal. I designed and carried out 

the experiment, C. Hoppe-Jones carried out the TOrCs analysis and I wrote the thesis 

chapter. 

Chapter 6 is a summary of the conclusions of these studies, and an outlook is 

provided on possible further developments of these integrated technologies that can be 

taken to move them further towards energy neutral, or positive, wastewater treatment 

with resource recovery. 
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2.1 Microbial electrochemical technologies 

2.1.1 Fundamental concepts 

Wastewaters represent an inexpensive and renewable supply of electrons that can be 

turned into electrical current by bacteria. Microbial electrochemical technologies 

(METs), such as microbial fuel cells (MFCs) and microbial electrolysis cells (MECs), 

represent a platform technologies for sustainable wastewater treatment and recovery of 

energy and resources. METs capitalize on the ability of certain bacteria capable of 

producing an electrical current outside the cell, enabling the direct recovery of electrons 

from solutions containing organic matter, such as wastewaters. These bacteria are 

commonly referred to as exoelectrogens.1 There are a variety of bacteria that have 

exoelectrogenic capabilities2, 3 but the most well studied are Geobacter 4-11 and 

Shewanella 12-19 spp. Exoelectrogens respire by extracellular electron transfer (EET),20-25 

a mechanism of transferring electrons from the inside of the cell to an insoluble electron 

acceptor outside of the cell, such as an electrode. This transfer of electrons can occur 

either indirectly, by cycling self-produced redox mediators such as flavins,26, 27 

phenazines28, 29 and quinones23 between the cell and the electrode or directly, using outer 

membrane-bound proteins called cytochromes.30-33 Extracellular electron transfer can 

also be achieved by means of self-produced pili, known as nanowires, that act as 

conductive highways for electrons to travel along from the cell to the electrode.21, 22, 34, 35 

These nanowires can be tens of microns in length and enable electron transfer in biofilms 

that contain multiple layers of exoelectrogens.35  

When electrochemical oxidation of organics is enhanced by exoelectrogenic biofilms 

attached to an anode, that electrode is referred to as a bioanode.36 The bacteria are not 
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true catalysts as they take some energy for their own metabolism.37 To sustain this 

electrochemical bacterial oxidation the bioanode is electrically connected to a counter 

electrode (cathode) where a reduction reaction occurs allowing the electrons to flow 

through the external electrical circuit from the bioanode to the cathode, resulting in the 

flow of electrical current. The oxidative anodic reaction is universal in MET but the 

reductive cathodic reaction can vary. Depending on the change in Gibbs free energy (ΔG) 

of the overall anodic and cathodic reactions, a MET can be operated as an MFC (negative 

ΔG) or as an MEC (positive ΔG).38 A negative ΔG indicates that the overall reaction is 

thermodynamically favorable and electricity is produced, such as in an MFC. A positive 

ΔG indicates that the overall reaction is thermodynamically unfavorable and additional 

electrical power needs to be added for the reaction to proceed, such as in an MEC.38 

Gibbs free energy is expressed in Joules (J), and is a measure of the maximum amount of 

work that can be obtained from a given reaction, calculated as:37 

 

∆𝐺 =  ∆𝐺0 + 𝑅𝑇 𝑙𝑛Π                                                                                                    (2.1) 

 

where, ∆𝐺 (J) is the Gibbs free energy for the specific conditions, ∆𝐺0 (J) is the Gibbs 

free energy under standard conditions usually defined as 298.15K, 1 bar pressure or 1 M 

concentration for all species present, 𝑅 the universal gas constant (8.31447 J mol–1 K–1), 

T (K) is the absolute temperature and Π (unitless) is the reaction quotient which is 

calculated as the activities of the products divided by those of the reactants. For METs it 

is easier and more convenient to evaluate the reaction using the electromotive force 
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(emf).37 The emf is the theoretical cell voltage and can be calculated from the Gibbs free 

energy of the overall reaction as:38 

 

𝑒𝑚𝑓 =  
∆𝐺
𝑛𝐹

                                                                                                                     (2.2) 

 

where emf is the electromotive force (V), ΔG is the Gibbs free energy of the reaction 

(J/mol), n is number of electrons involved in the reaction (mol) and F is Faraday’s 

constant (96,485 C/mol e–). The Gibbs free energy of a reaction is the maximum amount 

of useful work that can be obtained from a reaction37 and can be calculated from 

tabulated values in literature.39, 40 The oxidative anodic reaction based on using acetate as 

the substrate is the same in both MFCs and MECs and can be written as:38 

 

Anode:  CH3COO− + 4H2  →  2HCO3
− +  9H+ +  8e−  ([CH3COO–] = [HCO3

–] = 

10 mM, pH 7, 298 K, E = –0.296 V)          (2.3) 

 

In an MFC oxygen is typically reduced to water at the cathode by means of the 

oxygen reduction reaction (ORR, E = 0.805 V) resulting in a negative ΔG (–847.6 

kJ/mol) and positive emf (1.10 V):38 

 

Cathode:  2O2 + 8H+ + 8e−  →  4H2O  (pO2 = 0.2 bar, pH = 7, 298.15 K)   (2.4) 

Overall:  CH3COO− + 2O2  →  2HCO3
− + H+                                                   (2.5) 
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In an MEC protons are reduced at the cathode to produce hydrogen by the hydrogen 

evolution reaction (HER, E = –0.414 V) and results in a positive ΔG (93.14 kJ/mol, 

adjusted to pH 7) and negative emf (–0.12 V):38 

 

Cathode:  8H+ + 8e−  →  4H2 (pH2 = 1 bar, pH = 7, 298.15 K)                      (2.6) 

Overall:  CH3COO− + 4H2O →  2HCO3
− +  H+ + 4H2                                     (2.7) 

 

The emf represents the maximum cell voltage that could be generated in an MFC by 

ORR, or the minimum voltage required to drive the HER in an MEC. Due to various 

potential losses including activation losses, bacterial metabolic losses and mass transport 

losses, as well as ohmic losses, the performance of these systems is less than the 

thermodynamic maximum.37 This means that an MFC will produce less electricity since 

the cell voltage will be less than the calculated emf. In an MEC the cell voltage becomes 

more negative than the emf and therefore more energy needs to be invested to drive the 

reaction. 

 

2.1.2 Integrating METs with membrane-based treatment processes  

Water and wastewater treatment technologies need to evolve if they are to become more 

sustainable. A goal for future technologies should be to achieve energy neutrality or a net 

energy gain. Existing wastewater treatment is based on a 100 year old technology of CAS 

that, although it has been improved with time, normally remains energy consuming. 

Sludge production from  CASs poses a significant challenge as it needs to be treated and 

disposed of, and this can contribute significantly to the overall operating costs of a CAS 



37 
 

plant. Increasingly stringent regulations for the use of wastewater sludge as fertilizers,41, 

42 due in part to a greater awareness of trace organic compounds that may be present41, or 

disposal to landfills,42 forces plant operators to find alternative solutions for sludge 

disposal. Biomass growth yield under aerobic conditions is 0.4 g biomass/g COD 

removed.43 By comparison, anaerobic processes have a biomass yield that is less than a 

quarter of the aerobic yield (0.077 g biomass/g COD removed).43  

It is possible to offset the energy consumed during aerobic wastewater treatment by 

treating the wastewater sludge anaerobically to produce methane gas. Recent 

demonstrations of this approach have resulted in energy self-sufficient domestic 

wastewater treatment plants.44 To date, conventional anaerobic digestion has not been 

considered practical as a single treatment process for domestic wastewaters due to the 

low organic content of domestic wastewater. Anaerobic digestion typically requires 

higher organic loading rates (10-35 g COD/L), elevated temperatures, and relatively large 

digesters. However, an emerging technology based on a two-stage fluidized bed 

anaerobic membrane bioreactor has shown promising results for the treatment of low-

strength domestic wastewaters.45-48  

METs have the advantage that they can be used to treat low-strength wastewaters, 

such as domestic wastewater, with direct recovery of energy with low sludge production. 

Technology integration is a feasible approach to further develop the MET platform, and it 

allows for multiple gains from a single process. Recently, there have been a number of 

reports on integration of MFCs with forward osmosis (FO) and membrane bioreactors. 

The additional benefit of this integration is the capacity to reclaim the treated wastewater 

for partial seawater desalination or water reuse applications. 
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FO has gained considerable research interest over the past few years as a low energy 

alternative for desalination of seawater or brackish water.49 FO is one type of osmotically 

driven membrane process that is based on the movement of water across a semi-

permeable membrane driven by an osmotic pressure (Figure 2.1). Water is drawn from a 

low salt solution (feed) across the membrane to a high salt solution (draw) on the 

opposite side thereby diluting the high salt solution. The water flux across the membrane 

is influenced by the osmotic gradient as well as membrane properties and can be 

calculated using:49 

𝐽W = 𝐴(𝜎∆𝜋 −  ∆𝑃)                                                                                                      (2.8) 

where JW is the water flux, A is the water permeability constant of the membrane, σ is the 

reflection coefficient (σ = 1 if the membrane completely rejects the solute), Δπ is the 

osmotic pressure, and ΔP is the applied pressure. For FO (Figure 2.1B) the applied 

pressure is zero whereas for reverse osmosis (RO) (Figure 2.1C) a pressure greater than 

the osmotic pressure needs to be applied to the high salt solution in order to force water 

across the membrane against the salinity gradient.50 In pressure retarded osmosis (PRO) a 

pressure that is less than the osmotic pressure is applied to the high salt solution as a 

means to recover salinity gradient energy using turbines (Figure 2.1D).51, 52  
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Figure 2.1. Schematic representation of the principles of osmotically driven membrane processes. 
(A) A low salt concentration solution (Feed) and high concentration (Draw) are separated by a 
semi-permeable membrane, (B) water moves spontaneously from feed to draw in forward 
osmosis, (C) water is forced from draw to feed in RO against the osmotic gradient and (D) water 
movement is retarded by applying a pressure less than the osmotic pressure for energy recovery 
in PRO. The yellow arrow indicates direction of water transport. Adapted from Cath et al. 
(2006).49 
 

MFCs incorporating FO membranes as separators between the anode and cathode 

electrodes are called osmotic MFCs (OsMFCs)53-57 or osmotic microbial desalination 

cells (OsMDCs or MODCs).58, 59 An OsMFC is a two chamber system that has a FO 

membrane between the anode and cathode chambers and uses the draw solution as the 

catholyte (Figure 2.2A), whereas an OsMDC is a three chamber system where the anion 

exchange membrane of a MDC is replaced by an FO membrane and the draw solution is 

flowed through the middle chamber (Figure 2.2B). In these systems the feed solution is 

wastewater and the draw solution is seawater. Domestic wastewater has a low ionic 

concentration (0.25 – 0.85 g/L of total dissolved solids)60 compared with seawater (~35 

g/L NaCl) which provides a significant osmotic pressure. 

A B C D 
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Figure 2.2. Schematic representations of an (A) OsMFC and (B) OsMDC. The blue arrow 
indicates the transport of water across the FO membrane from the feed to the draw solution. 
 

OsMFCs produce higher currents and power densities than MFCs with CEMs due to 

lower catholyte pHs.56 The pH change of the catholyte was reported to be less for an 

MFC operated with a FO membrane (pH 7.66 to 9.76), compared to an MFC with a CEM 

(pH 7.66 to 10.90) after 10 hours of operation. This resulted in higher and more sustained 

current production in MFCs with a FO membrane compared to a CEM.56 It was 

hypothesized that water flux across the FO membrane facilitated the transport of protons 

from the anode to the cathode to support higher currents and buffer the changes in pH. 

An OsMDC can achieve higher rates of desalination compared to an OsMFC by the 

combined effects of water flux from the anode to the draw solution and ion separation 

due to current generation.58 An OsMDC achieved a 60 % reduction in conductivity (20 

g/L NaCl) compared to 41% for a three chamber MDC (20 g/L NaCl) that had an AEM 

in place of the FO membrane.58 However the total NaCl concentration was lower in the 

MDC due to higher current efficiencies.58 A challenge for OsMFCs is fouling of the FO 

A B 
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membrane, both organic53, 57 and inorganic54 as a high water flux is required to dilute the 

draw solution sufficiently while ensuring good rejection of wastewater constituents. 

Fouling of the FO membrane is expected to reduce water flux and retard ion migration. 

However, higher current densities were reported for a fouled FO membrane compared to 

a clean FO membrane.53 This was a surprising observation, and highlights ion transport 

by FO membranes in METs is not well understood. The key benefit of using FO 

membranes is the lower conductivity of seawater, which can subsequently be further 

treated using RO at considerably lower pressure and energy demand than seawater. 

Membrane bioreactors (MBRs) integrate permselective membranes, usually 

microfiltration or ultrafiltration membranes, with suspended growth biological 

processes.61, 62 They are gaining increasing acceptance worldwide due to high treatment 

efficiencies and excellent effluent quality and have been commercially applied for 

treatment of municipal and industrial wastewaters.63, 64 The improved effluent quality 

comes with an energy penalty though as aerobic MBRs can consume 0.8 - 2 kWh/m3. A 

challenge for MFCs has been that the effluent quality often does not meet requirements 

for discharge to the environment.1, 65 Integrating MFCs with MBRs provides a means to 

improve the extent of treatment in MFCs to produce higher quality effluents for water 

reclamation and reuse in addition to recovering the available energy in wastewaters. 

A number of studies have reported approaches to integrate MFCs with MBRs. These 

hybrid systems have been referred to as, but not limited to, a bioelectrochemical 

membrane reactor,66 a membrane bioelectrochemical reactor,67, 68 an electrochemical 

membrane bioreactor and69 an anaerobic membrane bio-electrochemical reactor.70 

Several different configurations have been tested and can be characterized as having the 
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filtration mechanism incorporated independently of the MFC or coupled to the cathode 

electrode. These approaches do not represent a true integration of the MFCs with MBR 

systems but rather a coupling of two technologies in a single reactor.  

One approach that incorporated the filtration unit independently used a separator 

electrode assembly (SEA) MFC, where the electrodes were sandwiched together with a 

separator between them to avoid short circuiting the system, and a completely separate 

membrane module (nylon mesh, 74 μm pore size) immersed in the same aerated tank.71 A 

second approach used hollow fiber membranes (HFMs) (PVDF, 0.02 μm pore size) 

within a spaced electrode assembly (SPA) MFC, where the electrodes were kept close 

together but with some space between them, using a cation exchange membrane (CEM) 

as a separator.67 An air-cathode configuration was adopted eliminating the need for 

aeration. This system was subsequently modified into a two chamber MFC using a CEM 

as separator with the HFMs placed into the aerated cathode chamber.68 Another approach 

for the coupled configuration also used an aerated two chamber MFC (Nafion separator) 

with HFMs in the cathode compartment but the stainless steel mesh cathode surrounded 

the HFMs.70 Presumably this design considered that the biofilm growth on the cathode 

would serve as an initial filter prior to the HFMs. One of the systems that adopted the 

coupled approach used a tubular SPA MFC with a nonwoven cloth separator supported 

by a perforated plexiglass tube.66 The anode chamber was filled granular graphite and a 

stainless steel mesh (40 μm pore size) cathode was wrapped around the anode at a 

distance of 3.9 cm. The outer chamber of the MFC was aerated to provide oxygen to the 

cathode. In this case the biofilm formed by the growth of, predominantly, heterotrophic 

bacteria on the stainless steel cathode served as the filter. Another approach for coupling 
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filtration to the cathode used a SEA MFC with a nonwoven cloth separator supported by 

a perforated polyvinyl tube. 69 Both the anode and air-cathode were graphite felt. The first 

truly integrated system used a conductive ultrafiltration membrane as a biocathode.72 The 

conductive membrane cathode was prepared by dispersing multiwalled carbon nanotubes 

onto a polyester nonwoven membrane base (40 μm average pore size) as a multilayer. 

The hybrid system used a single chamber cube shaped MFC without a separator and did 

not require aeration. 

Organics removal is good in these systems with chemical oxygen demand (COD) 

removals frequently exceeding 90% (Table 2.1). The goal of this type of integration has 

been to improve the overall extent of wastewater treatment, and the results shown in 

Table 2.1 are a good indication that this is achievable. Still, improvements need to be 

made to improve nutrient removal, as nitrogen was not effectively removed in most of 

these systems, except for that observed in system that incorporated the conductive 

ultrafiltration membrane biocathode (Table 2.1).72 A nutrient recovery process post 

treatment in these systems has been suggested but no studies have been reported to date.67 

Conversion of the organics to electricity, measured as coulombic efficiency (CE), has 

generally been low, even when acetate was used as the substrate (Table 2.1). These low 

conversion efficiencies impact the overall energy balance of these systems. Electrical 

energy production has only balanced the energy consumption when acetate was used as 

the substrate.67, 69 In one study, a non-aerated system using acetate produced 0.002-0.081 

kWh/m3 which exceeded the energy consumption of 0.0044-0.0066 kWh/m3.69 The lower 

energy production of 0.002 kWh/m3 was due to a very short hydraulic retention time 

(HRT) of 1.6 h. Another non-aerated system produced 0.035-0.038 kWh/m3 using acetate 
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and 0.003-0.025 kWh/m3 with domestic wastewater at an overall energy consumption 

that amounted to 0.0027-0.04 kWh/m3.67 The energy produced in this system was 

sufficient to meet the energy demand using acetate as the fuel, but not with domestic 

wastewater. The two chamber aerated systems that followed produced 0.011-0.039 

kWh/m3 (acetate) and 0.032-0.064 kWh/m3 (cheese wastewater), but neither of these 

could satisfy the energy demand of 0.09 kWh/m3.68 Systems that require partial aeration 

will tend to consume more energy than non-aerated systems, which is an obstacle to 

achieve energy neutrality.  

Table 2.1. Performance of the various systems based on COD removal, nitrogen removal 
depending on the substrate used (Note: R denotes removal). 
 
Substrate CE (%) C/F$ COD R 

(%) 
NH4

+-N R 
(%) 

TN R (%) Aerated 
(yes/no) 

I / C* Ref 

Acetate 0.5–8.2 C 92 95.6 27-60 Yes  C [66] 
Acetate 1.5 C 89.6 NR NR Yes  I [71] 
Acetate 30-40 C 45-58 -** NR No I [67] 
Domestic 
wastewater 

10.8-17.1 C 86.9-
90.2 

9-50 NR No  I [67] 

Acetate 16.4-31.2 C 90.4-
95.4 

83 NR Yes  I [68] 

Cheese 
wastewater 

11.5-22 C 84.4-
91.9 

69 NR Yes I [68] 

Acetate 1.8-36 C 89 69-98 23.1-57.2 Yes  C [69] 
Domestic 
wastewater 

8.5 (–Pt) 
47 (+Pt) 

F 97 97.3 97.7 No  IN# [72] 

Acetate 10.3 C 91.6 31.7 -& Yes  I [70] 
NR = not reported 
$Refers to the mode of operation. C = continuous and F = fed batch. 
*Refers to filter configuration used, I = independent, C = coupled. 
**The anode medium did not contain NH4

+. 
&TN was not reported in this study. The cathode was fed with a solution of NaNO3 and effluent 
from the anode which makes it difficult to quantify TN removal from the data presented. 
#In this system IN denotes ‘integrated’ since the cathode membrane was specifically designed and 
fabricated as a dual purpose biocathode membrane filter. 
 

Fouling of membranes has proven to be a substantial challenge in most of these 

membrane-based systems. Operational parameters, such as HRT, have a noticeable effect 
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on fouling with shorter HRTs promoting fouling. In one study the transmembrane 

pressure (TMP) of HFMs increased from ~5 to 40 kPa over only 19 h at an HRT of 19 h, 

compared to an increase from 5 to 26 kPa over one week at an HRT of 27 h.67 By shifting 

the HFMs from the anode to the cathode in a two chamber system, fouling was relatively 

minimized.68 The TMP remained below 10 kPa for a period of 47 days (HRT = 10h) but 

increased to 15 kPa when the HRT was reduced to 6 h. In another study the TMP 

remained below 1 kPa but this was maintained by regular backflushing and physical 

cleaning.66 Shorter HRTs increase the organic loading on the membranes which appears 

to promote fouling and therefore the operational parameters of integrated systems using 

MFCs will require careful optimization to control fouling. 

 

2.1.3 Knowledge gaps 

Previous studies on OsMFCs and OsMDCs required aeration of the cathode for the 

oxygen reduction reaction, or used ferricyanide reduction in the cathode. Aeration 

consumes energy and would offset the power produced by the MFC, and ferricyanide 

cannot be easily regenerated which makes it unsustainable for practical applications. The 

performance of OsMFCs had only been compared to MFCs that contain cation exchange 

membranes (CEMs), and not with MFCs containing anion exchange membranes (AEMs). 

Since an AEM is positively charged and facilitates the transport of anions, it provides 

ideal conditions for current generation using a saltwater catholyte with high 

concentrations of Cl– ions, and should provide a better comparison for the performance of 

OsMFCs.   
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Integration of MFCs with MBRs has proved to be an effective approach to improve 

overall extent of wastewater treatment in MFCs and reclaim treated water. However, 

most of these studies operated with membrane filters that were physically separated from 

the cathode electrode, and thus they required aeration for oxygen reduction. The only 

study that used a truly integrated approach whereby the cathode served the dual purpose 

of cathode electrode for oxygen reduction and membrane filter incorporated an 

electrically conductive ultrafiltration cathode membrane fabricated from carbon 

nanotubes.72 The low conversion efficiencies and limited surface area due to the flat sheet 

membrane orientation are limiting factors for integrated, dual purpose cathodes in these 

systems. Practical applications of METs will require increased electrode packing to 

increase the surface area to volume ratios. Hollow fiber membranes could provide the 

needed packing density for scaling up METs and water filtration, but they have not 

previously been used in these systems. This represents a knowledge gap for integrating 

METs with MBRs and provides an opportunity to further diversity the MET technology 

platform. 
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ABSTRACT 

A microbial osmotic fuel cell (MOFC) has a forward osmosis (FO) membrane situated 

between the electrodes that enables desalinated water recovery along with power 

generation. Previous designs have required aerating the cathode chamber water, offsetting 

the benefits of power generation by power consumption for aeration. An air-cathode 

MOFC design was developed here to improve energy recovery, and the performance of 

this new design was compared to conventional microbial fuel cells containing a cation 

(CEM) or anion exchange membrane (AEM). Internal resistance of the MOFC was 

reduced with the FO membrane compared to the ion exchange membranes, resulting in a 

higher maximum power production (43 W/m3) than that obtained with an AEM (40 

W/m3) or CEM (23 W/m3). Acetate (carbon source) removal reached 90% in the MOFC, 

however, a small amount of acetate crossed the membrane to the catholyte. The initial 

water flux declined by 28% from cycle 1 to cycle 3 of operation but stabilized at 4.1 

L/m2/h over the final three batch cycles. This decline in water flux was due to membrane 

fouling. Overall desalination of the draw (synthetic seawater) solution was 35%. These 

results substantially improve the prospects for simultaneous wastewater treatment and 

seawater desalination in the same reactor. 
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3.1 Introduction 

Water reuse and desalination are the only means of increasing the available supply of 

fresh water1, and thus are essential for meeting the increasing global demand for fresh 

water. The minimum thermodynamic energy required to achieve 50% recovery of fresh 

water from a solution containing 35 g/L total dissolved solids (similar to seawater) by 

reverse osmosis (RO) is 1.06 kWh/m3.2 The most efficient sea water reverse osmosis 

(SWRO) systems have reached energy demands as low as 1.8 kWh/m3,3 excluding the 

energy needed for feedwater pretreatment and pumping. When all energy demands are 

included, the minimum energy demands are around 3 to 4 kWh/m3.2 This suggests that 

energy demands of RO systems have been optimized. Further reductions in energy 

demands for seawater desalination will therefore require new approaches.  

Microbial fuel cells (MFCs) can be used to generate electrical current and treat 

wastewater without any requirement for electrical grid energy. In an MFC, organic 

compounds (carbon source) are oxidized at the anode by microorganisms, called 

exoelectrogens, which transfer electrons to the electrode. These electrons are conveyed to 

the cathode through an external circuit where, typically, oxygen is reduced to water. 

MFCs can be modified to contain pairs of anion and cation exchange membranes (AEM 

and CEM), resulting in a microbial desalination cell (MDC) that can both desalinate 

water and produce electrical power.4, 5 In a three-chamber MDC the middle chamber is 

formed between the anode and cathode chambers using the ion exchange membranes, and 

filled with saltwater. The AEM is placed adjacent to the anode, and the CEM next to the 

cathode. As electrons flow from the anode to cathode, electroneutrality is maintained by 

Cl– ions passing through the AEM into the anode chamber, and Na+ ions passing through 
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the CEM into the cathode chamber, thereby desalinating water in the middle chamber. 

The desalination performance of an MDC can be improved by using multiple pairs 

(stacks) of ion exchange membranes, allowing greater ion separation of a salt water for 

each electron transferred through the circuit.6, 7 The MDC can also be operated with an 

applied voltage, achieving desalination and hydrogen production at the cathode.8, 9 

Forward osmosis (FO) membranes can be used in bioreactors to achieve water 

recovery during wastewater treatment.10-12 In FO, the osmotic pressure gradient that 

exists between a solution of high water chemical potential and one of lower water 

chemical potential is used to drive the transport of water across the semi-permeable FO 

membrane.13 This driving force (Δπ) is created by a high solute concentration solution 

(draw solution) that flows along one side of the membrane and a low solute concentration 

solution (feed solution) on the other side.14, 15 Water transport occurs naturally and since 

there is no requirement to apply a hydraulic pressure, as done in reverse osmosis (RO),  

the process is less energy intensive than RO.14 Other advantages of this FO process are a 

lower propensity for membrane fouling,16 and if used with a wastewater source as the 

feed source, there is good rejection of wastewater-derived contaminants.17 Potential 

disadvantages of FO are the low water fluxes of commercially available FO membranes, 

and the diffusion (salt leakage) of some solutes, such as NaCl, across the membrane.18 

It has been shown that forward osmosis (FO) membranes can be used in MFCs to 

produce desalinated water, while simultaneously removing organics from the water and 

producing electrical power.19-21 Two different approaches have been used for desalinating 

water in these devices, referred to here as microbial osmotic fuel cells (MOFCs). In the 

first approach, a FO membrane is used to separate the anode, containing the feed 
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solution, and cathode, containing the draw solution (saltwater or another solution with a 

high osmotic pressure).19, 20 Water is drawn through the FO membrane from the anode 

chamber into the cathode chamber due to the osmotic pressure gradient, thereby diluting 

the saltwater. In the second approach, a FO membrane replaces the AEM in a three 

chamber MDC configuration with a middle chamber containing saltwater.21 As a result, 

water is drawn from the anode chamber into the middle chamber, and the Na+ and Cl– 

ions are transported across the ion exchange membranes. In this way, desalination of the 

middle chamber is achieved by dilution as well as ion separation.  

The previous MOFC studies demonstrated proof of concept for using FO membranes 

in MFCs, but the previous configurations have limitations. In the first approach, the 

cathode chamber was aerated to sustain the oxygen reduction reaction, which required an 

additional energy input that would offset any power produced by the MFC. In the second 

approach, a ferricyanide catholyte was used, which is not sustainable since the 

ferricyanide cannot be easily regenerated. The air-cathode MOFC examined here did not 

require aeration to sustain the oxygen reduction reaction as oxygen diffuses freely across 

the cathode from the atmosphere to the catalytic site. As a result the energy consumption 

of this configuration is reduced relative to systems with aerated cathodes. Performance of 

the air-cathode MOFC was compared to conventional air-cathode MFCs with an AEM or 

CEM in order to contrast the effect of the FO membrane on the electrical power 

performance with MFCs containing ion exchange membranes. 
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3.2 Materials and Methods 

3.2.1 Single-chamber MFCs  

Two cube-shaped single-chamber air-cathode MFCs having an internal cylindrical liquid 

chamber (28 mL, 7 cm2 cross section) were constructed as previously described.22 The 

anodes were graphite fiber brushes (25 mm diameter × 25 mm length) with a titanium 

core (Mill-Rose, Ohio, USA) that were pre-treated at 450°C in an oven before 

inoculation. Cathodes (projected surface area of 7 cm2) were made from carbon cloth (30 

wt.% wet proofing polymer, Fuel Cell Earth, MA, USA) with four PTFE diffusion layers 

and 0.5 mg-Pt/cm2.23 The reactors were inoculated using effluent from another MFC that 

had been operating for 6 months, and fed sodium acetate (1 g/L) in a 50 mM phosphate 

buffer solution (PBS; Na2HPO4, 4.576 g/L; NaH2PO4·H2O, 2.452 g/L 24), and nutrient 

solution (NH4Cl g/L, 1.55 g/L; KCl, 0.065 g/L, trace vitamins and minerals).25 The final 

solution conductivity of the 50 mM PBS was 7.4 mS/cm and the pH was 7.1. After the 

single-chamber air-cathode MFCs had reached reproducible performance, one of the 

reactors was randomly selected for tests with the different membranes, while the other 

served as the control. The electrodes from a single chamber air-cathode MFC were then 

transferred to the modified two-chamber configuration designed to hold a single FO, 

AEM or CEM membrane (Fig. 3.1). 
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Figure 3.1. (A) Experimental setup of the two-chamber air-cathode MFC/MOFC. Blue arrows 
show circulation of anolyte and catholyte, red arrows indicate water crossing FO membrane from 
anode to cathode and replacement volume from the reservoir of DI water (volumes should be 
equivalent). A single peristaltic pump, with two pump heads, was used to circulate both the 
anolyte and catholyte. The digital scale was connected to a personal computer and data was 
collected at 5 minute intervals. (B) Photo of the experimental setup showing inlet and outlet ports, 
needle piercing the top of the reactor and the anode and cathode connections. 

 

3.2.2. Two-chamber MFCs and the MOFC 

The two-chamber reactors consisted of a 4-cm cube-shaped anode chamber (28 mL 

empty bed volume), modified to include an inlet and outlet port for recirculation of the 
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anolyte, and a cathode chamber (8 mL, 5 cm × 5 cm, 0.5 cm wide with a 7 cm2 opening 

in the middle for the air cathode). The cathode chamber was modified to contain inlet 

(bottom) and outlet (top) ports for recirculation of the catholyte (draw solution), and a 

third hole to insert a titanium wire connector (Fig. 3.1). Silicon gaskets were placed on 

either side of the membrane. An end plate of the same design as the cathode chamber, but 

without the inlet and outlet ports, was placed adjacent to the cathode to press the cathode 

down against the titanium wire connector.   

For each test, a single membrane was used to separate the two chambers. The MFCs 

contained either a CEM (CMI-7000) or AEM (AMI-7001; both from Membranes 

International Inc. Ringwood, NJ). These ion exchange membranes have been used in a 

number of MFC studies20, 26, 27 and therefore they are a useful baseline for assessing and 

comparing performances of different systems. The MOFC contained an FO membrane 

made of cellulose triacetate embedded in a polyester screen mesh (HTI, LLC, Albany, 

OR). The cellulose triacetate membrane from HTI is commercially available and 

currently sets the standard for commercial FO membranes. The AEM and CEM 

membranes were soaked in 1 M NaCl for 24 hours before use. The FO membrane was 

soaked in deionized (DI) water for at least 30 min (as per manufacturer’s instructions) 

and stored in 1% sodium bisulfite at 4°C if not used immediately. When testing the FO 

membrane, care was taken to ensure the active layer was orientated toward the feed 

solution, with the support layer oriented toward the draw solution.  

The anolyte solution was circulated intermittently (35 min on, 30 min off) at a 

pumping rate of 0.2 mL/min for each 12 hour fed-batch cycle. In order to maintain a 

constant volume of anolyte in the MOFC over time (due to loss of water through the FO 
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membrane), DI water was added from a reservoir directly into the anode through a needle 

that pierced a septum (Fig. 3.1). As water passed through the membrane from anode to 

cathode, this lost volume was replaced passively (i.e. not pumped) from the DI reservoir. 

The catholyte solution (50 mL, 35 g/L NaCl in DI water) was recirculated through the 

cathode chamber from an external reservoir using the same pumping regime. The draw 

solution reservoir was placed on a digital scale to measure the increase in volume over 

time and calculate water flux through the membrane (Fig. 3.1A). The terms draw solution 

and catholyte are used interchangeably throughout this paper and they refer to the 

saltwater circulated through the cathode chamber. Tests were carried out in a temperature 

controlled room at 30°C.  

 

3.2.3. Analytical techniques and calculations 

Voltages were recorded every 20 min using a digital multimeter (2700, Keithley 

Instruments, Inc., Cleveland, OH). The pH and solution conductivities of the feed and 

draw solutions were measured at the start and end of each batch cycle using probes 

(Cyberscan pH 6000, Eutech Instruments; and Oakton Instruments, Vernon Hills, IL). 

Coulombic efficiencies were determined by the change in acetate concentration (Δc) over 

a fed batch cycle28 using: 

    CE = Ms ʃI dt / F bes VAn Δc    (3.1) 

Polarization and power density curves were obtained using linear sweep voltammetry 

at a scan rate of 0.5 mV/s with a potentiostat (VMP3, BioLogic). Polarization tests were 

carried out at the start of cycle 5 for each membrane tested. Volumetric current density 

(A/m3) was calculated as Ia = E/RVAn, where E is the measured voltage (V), R the 
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external resistance (Ω), and VAn the volume of the anode chamber (30 mL). Volumetric 

power densities (W/m3) were calculated as Pa = IE/VAn. Reactors were first fed with fresh 

medium and left at open circuit voltage for one hour before polarization tests were carried 

out. Current and power densities were also normalized by the projected area of the 

cathode (7 cm2). Internal resistance (Rint) was calculated from the slope of the linear 

region of the polarization curve. 

Water flux through the membrane was calculated from J = ΔV/At, where ΔV is the 

differential volume change of draw solution (L), A the membrane area (m2), and t the 

time (h).29 The change in volume of the draw solution reservoir was measured using a 

digital scale recording data at 5 minute intervals. Chloride ion and acetate concentrations 

of the anode and cathode solutions were determined at the start and end of each batch 

cycle using ion chromatography (ICS-1600, Dionex) with potassium hydroxide as the 

eluent in a gradient elution method (30 mM to 40 mM over 12 min). Samples were 

diluted with DI water and filtered through 0.45 µm filters prior to analysis. Sodium ion 

concentrations of the anolyte and catholyte were also monitored using ion 

chromatography (ICS-5000, Dionex) with methanesulfonic acid (MSA, 20 mM) as 

eluent.  

3.2.4. Scanning Electron Microscopy 

At the end of the experiment, a section of the FO membrane was cut and mounted onto a 

sample platform. The sample was coated with a layer of gold (5 nm thick) and analyzed 

using a Quanta 200 F SEM with ETD detector (FEI, The Netherlands). 
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3.3 Results and Discussion 

3.3.1. Influence of membrane type on current and power generation 

Current was produced in all reactors, with maximum current densities at a fixed external 

resistance (Rext = 100 Ω) similar for the MOFC 2.09 ± 0.01 A/m2 (0.09 A/m3) and MFC 

with AEM 2.15 ± 0.01 A/m2 (0.09 A/m3), but lower for the MFC with CEM 1.68 ± 0.03 

A/m2 (0.07 A/m3) (Fig. 3.2). In all of the reactors the current decreased over the course of 

a cycle. The reason for this trend is likely due to the pH difference between anode and 

cathode, discussed in more detail in Section 3.3. The intermittent pumping cycle used to 

recirculate the fluid did not produce any erratic changes in current during any of these 

cycles. 

 

Figure 3.2. Electric current generation in two-chamber air cathode MFCs incorporating a cation 
exchange membrane (CEM), anion exchange membrane (AEM) or forward osmosis (FO) 
membrane. 

 

Polarization data showed that the highest maximum power density was achieved with 

the FO membrane (43 W/m3), which was slightly higher than that produced with the 

AEM (40 W/m3), and substantially higher than that with the CEM (23 W/m3) (Fig. 3.3). 
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These higher power densities were consistent with a lower internal resistance with the FO 

membrane (Rint = 54 Ω), compared to the AEM (63 Ω) and CEM (73 Ω). 

 

Figure 3.3. Polarization and maximum power density curves for each of the two-chamber MFCs 
tested (P = polarization; PD = power density). 

 

These power densities are higher than those previously reported in MOFCs as well as 

most MDCs. A maximum power density of 4.7 W/m3 was previously reported for an 

MOFC using a saltwater catholyte of 58 g/L NaCl.20 This saltwater concentration is 

higher than used in the air-cathode MOFC study (35 g/L NaCl) and would produce a 

higher osmotic pressure. It is important to note that there were differences in reactor 

configuration and experimental operation between the air-cathode MOFC and previous 

MOFCs studies. In previous MOFCs the anode and cathode chambers were larger, the 

buffer solution was 10 mM and Rext was 10 Ω. All of these differences can affect system 

performance.  

The power density for the air-cathode MOFC was higher than those reported for 

MDCs with oxygen reduction at the cathode. The highest power reported for an MDC 

with oxygen reduction was 31 W/m3.30 The first reported MDC produced 65 W/m3 
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(normalized by anode volume), but this was achieved using a ferricyanide catholyte.4 As 

with any fuel cell, a tradeoff exists between operating at maximum power or at maximum 

current density (Fig. 3.3). Since the extent of desalination in an MOFC is a function of 

the osmotic pressure rather than the current density, as in an MDC, the MOFC can be 

designed to operate at maximum power, a major attribute. This design consideration 

permits more optimal harvesting of electrical power for downstream desalination 

processes, such as reverse osmosis.30  

 

3.3.2. Removal of organics and coulombic efficiency 

Overall acetate removal from the anode in the MOFC was 90% but some crossover 

(leakage) of acetate (17%) from anolyte to catholyte was observed. Acetate removal by 

microbial oxidation in the MOFC was 73%, compared to 88% in MFCs with an AEM 

and 74% with the CEM. Based on acetate oxidation, the coulombic efficiency (CE) of the 

MOFC (47%) was higher than that obtained in the MFCs with an AEM (42%) or CEM 

(38%). The observed crossover of organics highlights the need for further improvements 

in MOFC technology, in particular the development of a FO membrane that would avoid 

the loss of organics through the membrane, and increase performance with respect to 

current and power generation. 

 

3.3.3. Effect of membrane type on pH, conductivity and ion transport 

Each of the reactor configurations tested had pH changes in the anode and cathode 

chambers (Table 3.1). The pH difference between the anode and cathode following a 

batch cycle was largest in the MFC with an AEM (Table 3.1). In the MOFC the anolyte 
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pH decreased from 7.1 to 6.2 and the catholyte pH increased from 5.9 to 9.9 over five 

batch cycles. In the two-chamber MFCs, the pH of the anolyte decreased from 7.1 to 5.6 

with the AEM, and from 7.1 to 6.3 with the CEM. The catholyte pH increased from 5.8 to 

11.6 with the AEM, and from 5.8 to 11.4 with the CEM.  

Table 3.1. Final conductivities and pHs of the anolyte and catholyte solutions using CEM, AEM 
or FO membranes. 

 

Membrane Solution pH Conductivity (mS/cm) 

Initial Final Initial Final 

CEM Anolyte 7.15 ± 0.05 6.31 ± 0.02 7.26 ± 0.01 5.14 ± 0.56 
Catholyte 5.83 ± 0.02 11.36 ± 0.16 57.54 ± 0.64 57.80 ± 0.76 

AEM Anolyte 7.09 ± 0.03 5.58 ± 0.12 7.47 ± 0.03 8.74 ± 0.15 
Catholyte 5.80 ± 0.06 11.59 ± 0.28 57.08 ± 0.33 56.90 ± 0.61 

FO Anolyte 7.10 ± 0.03 6.24 ± 0.03 7.30 ± 0.02 26.18 ± 2.20 
Catholyte 5.89 ± 0.03 9.95 ± 0.32 56.78 ± 0.28 37.08 ± 0.21 

 

The pH splitting effect observed in this study with two-chambered MFCs is well 

known.27, 31 The increased pH of the catholyte is disadvantageous to performance, and 

produces a negative potential shift of –59 mV/pH unit.27 The final pH values for the 

catholyte and anolyte of the air-cathode MOFC were similar to those previously reported 

for MOFCs.20 Previous MOFCs showed a catholyte pH increase from 7.66 to 9.76 after 

10 hours operation (58 g/L NaCl catholyte solution) with the anolyte pH remaining 

constantly below 7.20 By comparison, the catholyte pH of the MFC with CEM in that 

study increased to 10.90. The lower catholyte pH with the FO membrane was attributed 

to facilitated proton transport by water flux from anode to cathode.  

In order to better understand facilitated proton transport through the FO membrane on 

the pH of the anolyte and catholyte, the theoretical changes in pH (based on proton 

production and consumption calculated from coulombs of charge transferred) were 
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evaluated for each reactor configuration (see Appendix A). Theoretically, the pH of the 

anolyte would have decreased to 3.58 in the MOFC, 3.04 in the MFC with the AEM, and 

5.99 in the MFC with the CEM. The predicted anolyte pH for the MOFC and MFC with 

the AEM are considerably lower than those observed. These differences are likely due to 

forward flux of negatively charged phosphate ions from the anode chamber, and reverse 

flux of hydroxyl ions across the membrane into the anode chamber. The catholyte pHs 

would have increased to approximately 12.3 in each of the reactors without ion transport 

across the membranes and into the cathode chamber. The observed final pHs of the 

catholytes obtained for the MFCs with a CEM or AEM (unbuffered medium) compared 

well to these theoretical changes, as there was only a small difference of 0.8 pH units. 

However, for the MOFC there was a 2.4 pH unit difference between that of the measured 

and predicted catholyte pH. The effect of dilution on the catholyte pH in the MOFC due 

to water flux across the FO membrane was also considered but this effect was determined 

to be quite small (see Appendix A). This smaller change in pH for the MOFC indicates 

that there was substantial transport of protons out of the anode chamber with the FO 

membrane, but not with the ion exchange membranes.  

The limited transport of protons through ion exchange membranes in 

bioelectrochemical systems is well known.27, 31-33 AEMs transfer anions, and thus when 

these membranes are used, charge is predominately balanced by the transfer of negatively 

charged phosphate anions.26 When CEMs are used, charge is balanced by sodium and 

potassium, which are present at much higher concentrations than protons.34 Thus, pH 

gradients will develop due to the limited transfer of protons from the anode to cathode 

chamber, with charge transfer primarily accomplished by other cations such as sodium. 
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The conductivity of the catholyte in the MOFC decreased by an average of 35%, from 

56.8 ± 0.28 mS/cm to 37.1 ± 0.21 mS/cm after 12 hours operation (Table 3.1). This 

conductivity change was due mostly to water flux across the membrane, which is the key 

benefit of incorporating an FO membrane between the anode and cathode. Catholyte 

conductivities of the MFCs with AEM and CEM showed only a small change over each 

batch cycle (Table 3.1). These observations, taken together with the lack of an observed 

change in the catholyte volumes when using the ion exchange membranes, indicated that 

little water was transported across these membranes. The membranes did effectively 

transfer charge, although protons were not efficiently transported relative to other ions, 

resulting in the large pH changes. 

Changes in Na+ and Cl– concentrations in both the anolyte and catholyte were 

generally consistent with the changes in conductivities in all tests (Fig. 3.4A and 3.4B). 

The anolyte conductivity with the FO membrane increased significantly over the course 

of each batch cycle due to non-ideal salt rejection (Fig. 3.4A). 
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Figure 3.4. Sodium (Na+) and chloride (Cl–) ion concentration differences between the start and 
end of each cycle for the anolyte (A) and catholyte (B) with CEM, AEM and FO membranes. 

 

The reverse permeation of salts across the FO membrane18 in the MOFC was very 

apparent as the anode conductivity increased from 7.3 to 26.2 ± 2.2 mS/cm (average over 

five batch cycles) (Table 3.1). The reverse permeation of salts occurred due to the high 

differences in ion concentrations in the saltwater catholyte compared to the anolyte 

solution. Previous reports using MFCs showed that chloride concentrations of up to 300 

mM did not adversely affect power and current generation.35, 36 However, increased salt 

crossover to the feed solution is a disadvantage since the treated feed stream should be of 

acceptable water quality, including a low TDS, to permit discharge into the environment. 

A FO membrane with a higher salt rejection would minimize reverse salt permeation but 

would also likely increase the internal resistance of the system.37 

 

3.3.4. Water flux and fouling of the FO membrane 

The initial water flux, measured at the start of a cycle, dropped by 28% from cycle 1 to 

cycle 3, but stabilized to approximately 4.1 L/m2/h from cycle 3 to cycle 5 (Fig 3.5). The 
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average water flux declined from 4.1 to 1.6 L/m2/h over a 12 hour period in these final 

three cycles (Fig 3.5). The water flux data did not show any erratic changes due to 

intermittent pumping. 

 

Figure 3.5. Water flux through the FO membrane over a period of 5 cycles (including the volume 
of water extracted in each cycle). 

 

The drop in the initial water flux was primarily due to biofouling of the membrane, 

whereas the flux decline over a single cycle was due to a reduction in osmotic driving 

force. The reduced osmotic driving force was due to dilution of the catholyte by water 

transport into this chamber, as well as an increase in salts of the anolyte due to reverse 

salt permeation. Analysis of the fouled FO membrane by SEM showed that there was a 

dense covering of the membrane by bacteria (Fig. 3.6).  
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Figure 3.6. SEM image of the fouled FO membrane showing the dense covering of bacterial cells. 
 

Fouling of FO membranes is less severe than RO membranes as FO is driven by 

osmotic pressure rather than by an applied hydraulic pressure.16 Tests carried out with 

model foulants in both FO and RO modes have shown that flux recovery was better in FO 

than RO mode.38, 39 This improved flux recovery was attributed to less compact fouling as 

a result of the lack of hydraulic pressure. In most cases, almost all flux lost due to fouling 

in FO can be recovered by air scouring, rinsing or flushing with water and without 

chemical agents.10, 12, 29, 38, 39 A cleaning step was not implemented in this study so it is 

not clear how much of the lost flux could have been recovered.  

A key factor that influences fouling of FO membranes is membrane orientation. More 

pronounced fouling has been observed when the active layer faces the draw solution (AL-

DS), whereas the flux tends to be lower but more stable in the reverse orientation (AL-

FS).12 This is due to pore clogging of the porous support in the AL-DS orientation. In the 

current study, an AL-FS orientation was used.  

 



71 
 

In configurations that use counter flow membrane contactors, optimization of the 

hydrodynamics can be used as a means to control membrane fouling.39 In MOFCs, the 

cross flow velocity will likely be low to ensure a sufficiently long hydraulic residence 

time for bacterial oxidation of the organic matter. This low flow produces negligible 

shear force in the FO membrane and limits the options for fouling control methods based 

on fluid flow rates. Submerged FO membrane configurations have shown excellent flux 

recovery using air scouring with clean water29 or osmotic backwashing10. Air scouring is 

not suitable for MOFCs as the feed must remain anaerobic but osmotic backwashing 

could be accommodated. However, previous attempts to recover flux in an MOFC by 

osmotic backwashing were unsuccessful.19 Surprisingly, the fouled FO membrane in that 

study showed no water flux but the current densities were increased. Increased current 

density in the absence of water flux with a FO membrane seems contradictory and 

illustrates that the transport processes, ions and water, and their role in MOFC 

performance are not fully understood. 

The long term performance of MOFCs was not assessed here. This study serves to 

contribute an understanding of the processes and mechanisms involved in the integration 

of FO with MFCs. Fouling mechanisms and fouling control strategies as well as transport 

phenomena of FO membranes in MOFCs requires further research and evaluation.  

  



72 
 

3.4 Conclusions 

The MOFC with an air-cathode demonstrated good organics removal (90%) and effective 

indirect desalination (35%), as well as enhanced power generation (43 W/m3) compared 

to MFCs with an AEM (40 W/m3) or CEM (23 W/m3). MOFCs have less changes in 

electrolyte solution pHs compared to those with AEMs or CEM. The carryover of 

organics, reverse salt permeation, and membrane fouling are additional challenges that 

will need to be addressed to advance MOFC technology towards practical applications. 

Despite these limitations, MOFCs hold great promise as a means to achieve integrated 

wastewater treatment, energy recovery and indirect desalination. 
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ABSTRACT 

A new anaerobic treatment system that combined a microbial electrolysis cell (MEC) 

with membrane filtration using electrically conductive, porous, nickel-based hollow-fiber 

membranes (Ni-HFM) was developed to treat low organic strength solution and recover 

energy in the form of biogas. This new system is called an anaerobic electrochemical 

membrane bioreactor (AnEMBR). The Ni-HFM served the dual function as the cathode 

for hydrogen evolution reaction (HER) and the membrane for filtration of the effluent. 

The AnEMBR system was operated for 70 days with an acetate solution having a 

chemical oxygen demand (COD) of 300 mg/L. Removal of COD was > 95% at all 

applied voltages tested. Up to 71% of the substrate energy was recovered at an applied 

voltage of 0.7 V primarily as methane gas (83 % CH4; < 1% H2) due to biological 

conversion of the hydrogen evolved at the cathode to methane. A combination of factors 

(hydrogen bubble formation, low cathode potential and localized high pH at the cathode 

surface) contributed to reduced membrane fouling in the AnEMBR compared to the 

control reactor (open circuit voltage). The net energy required to operate the AnEMBR 

system at an applied voltage of 0.7 V was significantly less (0.27 kWh/m3) than that 

typically needed for wastewater treatment using aerobic membrane bioreactors (1-2 

kWh/m3).  
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4.1 Introduction 

Water and energy resources are inter-dependent, with arelationship commonly referred to 

as the water-energy nexus.1 As the global demand for freshwater continues to place 

significant pressure on available water resources, domestic wastewater reclamation and 

reuse represents a viable water resource. However, domestic wastewater treatment 

processes based on conventional activated sludge are energy intensive, and consume on 

the order of 0.6 kWh/m3 of wastewater treated, 50% of which is used for aeration.2 As 

domestic wastewater is estimated to contain ~2 kWh/m3 of energy in the form of organic 

substrate,3 an opportunity exists to offset energy consumption for domestic wastewater 

treatment through recovery of the inherent energy and move towards energy neutral or 

energy positive wastewater treatment. 

Anaerobic processes based on microbial electrochemical tecnology (MET), such as 

microbial fuel cells (MFCs), hold promise for the treatment of wastewater with 

concomitant energy recovery. MFCs use bacteria capable of transferring electrons 

exogenously to convert soluble organic matter present in the wastewater directly into 

electricity. MFCs are effective at treating low strength wastewaters,4 such as domestic 

wastewater, and they can also be operated at temperatures below 20°C.5 However, these 

systems alone are not able to produce the high quality effluent that is needed for water 

reuse applications. For this reason, there is a need for a post treatment step or a separation 

stage in the process.  

Membrane bioreactors (MBRs) are wastewater treatment technologies that 

incorporate a permselective membrane within a biological treatment process. This 

enables wastewater treatment and solids separation in the same reactor.6 The advantages 
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of MBRs include a smaller footprint compared to conventional activated sludge (CAS) 

treatment processes, and production of effluents with high water quality, suitable for 

water reuse, in a single step.2 Another advantage of MBRs over CAS is that there is no 

requirement for primary settling. However, these systems are energy intensive, using 1-2 

kWh/m3 of wastewater treated when operated aerobically,7 and they are prone to fouling 

of the membranes. 

A number of studies have reported systems that integrate MBRs with MFCs, in an 

effort to leverage the benefits of both technologies.8-15 In most cases these systems were 

not truly integrated as the two processes were separated in either a single-stage8-14 or two-

stage system.15 Recently, Malaeb et al. reported a truly integrated proof-of-concept 

hybrid MFC-MBR system that incorporated a conductive, flat-sheet ultrafiltration 

membrane biocathode within a MFC.16 Though this system showed reasonable treatment 

efficiencies, the flat sheet configuration limits the membrane surface area to reactor 

volume ratio. A hollow fiber membrane (HFM) configuration could enable a greater 

packing density to increase the membrane surface area per unit volume. By using 

electrically conductive, porous HFM as the cathode electrode, it is possible to achieve the 

high specific surface areas that are needed for large scale application of MET.  

Microbial electrolysis cells (MECs) are similar to MFCs but they can be used to 

generate hydrogen from current produced from biodegradable organic matter.17-19 By 

excluding oxygen from the system, and applying an additional voltage to the circuit, 

hydrogen gas is evolved at the surface of the cathode electrode.19 Since the current 

density in MECs can be increased by increasing the applied voltage, MECs have already 

been used in commercial applications. Studies on the integration of MECs with MBR 
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have not been reported previously. In this study, we integrated the operating principles of 

a MEC with anaerobic filtration using electrically conductive, porous HFM to recover the 

energy from a low organic strength solution (300 mg/L of COD) directly as biogas, and 

reclaim the treated water in what is called an anaerobic electrochemical membrane 

bioreactor (AnEMBR).  

4.2 Materials and Methods 

4.2.1 Preparation of Conductive Nickel-based HFM 

The cathode was a nickel-based HFM (Ni-HFM) with an average pore size of 1 μm 

(Figures 4.1 A-C). Nickel has previously been used as a non-noble metal catalyst in MEC 

studies20-22 as a lower cost alternative to platinum-based catalysts, as it has a lower 

hydrogen evolution reaction (HER) overpotential compared to most other non-noble 

metal catalysts.20 Each of the five HFM tubes was 10 cm long with an outer diameter of 

0.09 cm, producing a projected surface area of 2.8 cm2 per fiber, for a total specific 

surface area of 4.1 m2/m3 for all five fibers (based on liquid volume). The five fibers were 

connected together at one end using conductive silver epoxy. The Ni-HFM were 

fabricated using a combined phase-inversion/sintering method.23 Briefly, nickel powders, 

1-methyl-2-pyrrolidinone (NMP, HPLC grade, 99.5%, Alfa Aesar), polyether sulfone 

(PES, Ultrason® E6020P, BASF) and polyvinylpyrrolidone (PVP, Alfa Aesar) were 

mixed and well dispersed by ball milling for 18 h, followed by degassing under vacuum 

for 24 h. After that, the suspension was extruded through a spinneret using water as the 

inner and outer coagulant. The black body of the hollow fiber was dried at room 

temperature and then sintered at 560oC for 6 h to remove organic compounds in air flow 

of 500 mL/min. After cooling to room temperature, the fiber was reduced from the metal 
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oxide state to the metal state at 810°C for 6 h in pure hydrogen of 500 mL/min. 

Characterization by x-ray diffraction (XRD) revealed three diffraction peaks, 

corresponding to Ni [111], [200], [220] planes (JCPDS # 04-0850) of face centered cubic 

(FCC) crystal structure, respectively (Figure 4.1 D).   

 

Figure 4.1. Scanning electron micrographs of a virgin nickel hollow fiber membrane showing the 
outer surface of the membrane (A), a close-up of the outer surface with pores visible (B) and a 
cross section of the fiber (C). The XRD pattern of the Ni-HFM (D). 
 

4.2.2 Reactor Construction and Operation 

The tubular AnEMBR (23 cm length, 4.5 cm internal diameter) was constructed from 

plexiglass and had a working volume of 350 mL (Figure 4.2). A vertical cylinder (0.5 cm 

wall thickness) was sandwiched between the plexiglass central-grooved end plates (2 cm 

thick), sealed with a rubber ‘O ring’ gasket, and bolted together. Ports for feed inlet and 

anode-current collector were made at the bottom end plate. Additional ports were 
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positioned on the top end plate of the reactor for gas and permeate collection and for 

cathode current collector. Also, an outlet for effluent recirculation and head space gas 

sampling port were provided on top lateral sides of the reactor. The anode was a graphite 

fiber brush (10 cm × 5 cm, PANEX 33 160 K, ZOLTEK) containing a titanium core that 

was heat treated at 450°C for 15 min. The anode was positioned vertically at the bottom 

of the reactor. The cathode was positioned vertically at the top of the reactor with the 

ends of the fibers positioned approximately 2 cm from top of the anode. One end of a 

silicone tube was placed over the top of the cathode and the other connected to a 

peristaltic pump for filtration. Care was taken to ensure all connections were well sealed 

with non-conductive epoxy.  

 

 

Figure 4.2. Schematic representation of the AnEMBR (1. feed, 2. power supply, 3. 10 Ω external 
resistor, 4. anode, 5. Ni-HFM cathode, 6. gas bag, 7. permeate). The dual purpose cathode fiber 
contain pores that enable water transport as shown in the magnified section of the figure.  
 

The reactor was operated in MEC mode, fed with medium containing acetate (320 

mg/L as COD)24 and inoculated with anaerobic digester sludge (10 % v/v, Manfouha 

Wastewater Treatment Plant, Riyadh, KSA). For the first four batches, the feed was 
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supplemented with inoculum and subsequent cycles contained only medium without any 

inoculum. An applied voltage of 0.7 V was used to acclimate the reactor under fed-batch 

operation for two months prior to obtaining experimental results. An external power 

source (3645A; Circuit Specialists, Inc., AZ) was used to apply voltage to the circuit, and 

a data logger (ADC 24, PicoLog, UK) was connected to monitor the voltage across an 

external resistor (Rex = 10 Ω) to calculate current. After completion of the acclimation 

period the Ni-HFM was replaced with virgin Ni-HFM and the reactor was operated for an 

additional 70 days at room temperature (25oC). Three applied voltages (0.5, 0.7 and 

0.9V) were tested during this period. At the end of each experimental batch cycle, when 

the voltage dropped to 10 mV, the treated medium was filtered through the cathode filters 

using a peristaltic pump (Masterfelx L/S, Cole-Parmer, Vernon Hills, IL.) at a permeate 

flux of 6.9 LMH. The transmembrane pressure (TMP) of the membrane filters was 

measured by means of a pressure transducer (68075-32, Cole-Parmer Instrument 

Company) attached to the filtrate line, and recorded using a data acquisition device 

(LabJack U6, LabJack Corporation, Lakewood, CO, USA) connected to a computer. A 

new cycle was started after fresh medium was pumped into the reactor. 

A control reactor (open circuit voltage) was constructed similarly to the AnEMBR 

system and was operated in parallel under the same conditions in order to compare the 

fouling propensity of the Ni-HFM in terms of TMP. 

4.2.3 Energy Recovery Calculations25  

The moles (n) of gas produced from the measured gas volume were calculated using  

𝑛 (mol) =  
𝑣 𝑃 
𝑇 𝑅 

                                                                                                             (4.1) 
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where v is the volume of gas (L), P is the pressure of the gas (atm), T is the temperature 

(298 K) and R is the gas constant (0.08206 L-atm/K-mol. The energy content of the 

biogas produced is  

𝑊Gas(kJ) = 𝑛H2∆𝐻H2  +  𝑛CH4∆𝐻CH4                                                                       (4.2) 

where nH2 is the number of moles of hydrogen produced, ΔHH2 = 285.83 kJ/mol is the 

energy content of hydrogen based on the heat of combustion (upper heating value), nCH4 

is the number of moles of methane produced and ΔHCH4 = 891 kJ/mol is the energy 

content of methane. WGas was converted to kWh using a conversion factor of 0.000278 (1 

kWh = 3600 kJ) and normalizing this power consumption to the reactor volume (m3). 

The moles of hydrogen and methane that can be recovered based on the measured 

current, nCE, were calculated using  

𝑛CE (H2) =  
∫ 𝐼d𝑡𝑡
𝑡=0

2𝐹
                                                                                                    (4.3) 

𝑛CE (CH4) =  
∫ 𝐼d𝑡𝑡
𝑡=0

8𝐹
                                                                                                  (4.4) 

where I = U/Rex is the current (A) calculated from the voltage across the resistor (10 Ω), 2 

is the moles of electrons per mole of hydrogen hydrogen, 8 is the moles of electrons per 

mole of methane (assuming 4 mole hydrogen to produce 1 mole methane), F = 96 485 

C/mol e– is Faraday’s constant, and dt (s) is the time interval (20 min) over which data 

were collected. The moles of hydrogen and methane actually recovered relative to that 

possible based on the measured current is the cathodic recovery, rCat, calculated using  

𝑟Cat (H2) =  
𝑛H2
𝑛CE

                                                                                                            (4.5) 

𝑟Cat (CH4) =  
𝑛CH4
𝑛CE

                                                                                                       (4.6) 
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where nH2 and nCH4 are the number of moles of hydrogen and methane recovered during a 

batch cycle. 

 

4.2.4 Energy Consumption 

The energy consumed for recirculation and filtration was calculated using the pump 

power requirement equation,25 as  

𝑃 (kW) =
𝑄1𝛾𝐸1
1000

+  
𝑄2𝛾𝐸2
1000

                                                                                        (4.7) 

where P is the power requirement (kW), Q1 equals the reactor recycle rate of 0.02 L/min 

(3.33 × 10–7 m3/s), γ is 9800 N/m3, and E1 is the measured hydraulic pressure head loss 

through the system of 0.05 m, Q2 is the permeate flow rate of 0.0096 L/h (2.67 × 10–9 

m3/s) and E2 is the head loss due to TMP (m). Dividing the overall power requirement 

(kW) by the permeate flow rate (9.6 × 10–6 m3/h) yields the pumping energy requirement 

of the system in kWh/m3.  

The amount of energy added to the system by the power source, adjusted for losses 

across the resistor (WE) is given by equation 8 

𝑊E(kJ) =  ��𝐼𝐸ps∆𝑡 −  𝐼2𝑅ex∆𝑡�
n

1

                                                                        (4.8) 

where Eps (V) is the applied voltage  using the power source, Δt (s) is the time increment 

for n data points measured during a batch cycle, and Rex = 10 Ω is the external resistor in 

the circuit. WE is converted to kWh using a conversion factor of 0.000278 and 

normalizing this power consumption by volume (m3). 
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4.2.5 Energy Efficiency Calculations25  

The energy efficiency relative to the electrical input (ηE) is the ratio of the energy content 

of the biogas produced to the input electrical energy required, or 

𝜂𝐸 =  
𝑊Gas

𝑊𝐸
                                                                                                                      (4.9) 

The efficiency relative to the added substrate (ηS) is given by  

𝜂𝑆 =  
𝑊Gas

𝑊𝑆
                                                                                                                  (4.10) 

where WS is the amount of energy added by the substrate given by  

𝑊S(kJ) = 𝑛S∆𝐻S                                                                                                          (4.11) 

where ∆𝐻S = 870.28 kJ/mol is the heat of combustion of the substrate (acetate), and 𝑛S is 

the number of moles of substrate consumed. 

4.2.6 Analyses 

Total suspended solids (TSS) were measured using standard methods.26 Samples for 

acetate analysis were filtered through 0.20 μm pore diameter syringe filters prior to 

analysis to remove any particulate matter. Acetate concentrations were measured with an 

Aminex HPX-87H Ion Exclusion Column (Bio-Rad Laboratories, Hercules, CA) using 5 

mM sulphuric acid solution as mobile phase at a flow rate of 0.55 mL/min. The HPLC 

unit was an Accela HPLC system (Thermo Scientific) fitted with a photodiode array 

(PDA) detector. Peaks were detected at 210 nm. Soluble chemical oxygen demand 

(SCOD) was analyzed using a spectrophotometer-based standard method (HACH 

DR/2010, HACH Co., Loveland, CO, USA). 

Biogas was collected in a gas bag connected to the top of the reactor. At the end of 

each batch cycle, the gas composition in the reactor headspace and gas bag was analyzed 
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using a gas chromatograph (model 310, SRI Instruments) according to methods described 

previously.19  

The biofilms on the Ni-HFM membranes were examined using a scanning electron 

microscope (SEM). Prior to SEM imaging, new and biofilm covered membranes were 

dehydrated in a series of graded alcohol solutions and oven dried (2 h at 30 °C). The 

samples were mounted either flat onto an aluminum stub using thin aluminum tape or 

vertically inside a machined slot aluminum stub using carbon paste. After sputter-coating 

the samples with gold palladium for 30 s at 25 mA current in an argon atmosphere, SEM 

imaging (Quanta 200D, FEI, The Netherlands) was performed using an accelerating 

voltage of 25 kV and working distance of 10 mm. 

 

4.3 Results and Discussion 

4.3.1 Performance of the AnEMBR at Different Applied Voltages 

At an applied voltage of 0.7 V the AnEMBR produced an average volumetric current 

density of 11.1 A/m3 or 2.7 A/m2 based on cathode projected surface area (4.1 m2/m3) 

(Figure 4.3) with an average coulombic efficiency (CE) of 81% (Table 4.1). After two 

months of acclimation new cathodes were placed into the reactor and the system 

produced a biogas composed predominantly of hydrogenat a maximum rate of 0.025 

m3H2/m3/d (Table 4.1). The biogas composition shifted after 20 days to >80% methane 

gas for the following batch cycles with hydrogen gas concentrations contributing <1% of 

the total gas composition (Figure 4.3). The extended acclimation period likely provided a 

suitable amount of time for hydrogenotrophic methanogens to establish a sufficiently 
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high abundance within the reactor to colonize the membrane and electrode surfaces, 

providing an explanation for the rapid onset of methane production. 

 

 

Figure 4.3. Peak current density, volumes of gas produced and TMP of the AnEMBR measured 
over the course of the experiment. The data for the second cycle at 0.7 V has been omitted due to 
anomalous cycle duration, likely a result of an error in media preparation. OCV refers to 
operation under open circuit voltage whereby the electrodes are disconnected and no current 
flows. BES refers to 2-Bromoethanesulfonate, a compound that selectively inhibits methyl-CoM 
reductase, the terminal enzyme for methane production. Filled arrows represent the time points at 
which the biofouled Ni-HFM were sampled for qPCR analysis. Unfilled arrows show the points 
when the biofouled Ni-HFM were sampled for SEM analysis. 
 

Table 4.1. Performance of the AnEMBR at different applied voltages 

Eap (V) CE 
(%) 

H2 rate 
(m3/m3/d) 

CH4 rate 
(m3/m3/d) 

rCat % (H2) rCat % 
(CH4) 

0.5a 53 0.001 0.011 1.1 72.2 
0.7b 66 0.025 0.016 15.8 41.3 
0.7c 81 0.000 0.028 0.1 86.5 
0.9d 57 0.20 0.01 115.9 29.1 
0.9e 65 0.05 0.03 22.3 50.1 

aAverage of two cycles of operation at 0.5 V. bFirst cycle of operation at 0.7 V. cAverage of three 
cycles of operation at 0.7 V, days 14-21. dFirst cycle of operation at 0.9 V. eAverage of final three 
cycles of operation at 0.9 V. 
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The measured methane gas represented a cathodic methane recovery (rCat) of more 

than 80% when operated at 0.7 V (Table 4.1). This means that it was possible to recover a 

large fraction of the theoretical maximum number of moles of methane possible based on 

the measured current. Maximum methane production averaged 0.028 ±0.006 m3/m3/d at 

an applied voltage of 0.7 V (Table 4.1). The conversion of hydrogen gas to methane is 

well documented in MEC systems and can dominate when the hydraulic retention time 

(HRT) is long19, 27-29 as was the case in this study where HRT varied between 1 day (Eap = 

0.9 V) and 5 days (Eap = 0.5 V).  

The conclusion that methane produced in the AnEMBR system was mainly via 

hydrogenotrophic methanogenesis was based on: i) the absence of methane gas when the 

system was operated in open circuit mode (i.e. no HER) for three cycles (Figure 4.3, days 

30-38); ii) quantitative PCR (qPCR) analysis (detailed information in Appendix B), 

which revealed the dominance of the hydrogenotrophic methanogen, Methanobacteriales 

(99.8%), on the cathode with low abundance of Methanosarcinacea (0.2 %), a 

mixotrophic methanogen, while acetoclastic methanogens were hardly detected in 

solution or on the electrodes; and iii) the addition of 2-bromoethansulfonate (BES), a 

known inhibitor of methanogenesis, resulted in a significant drop in methane yields and 

increase in hydrogen yields (Figure 4.3 days 49-53). The localized H2 availability and 

high pH at the cathode surface (due to proton consumption of the HER)30 seemed to favor 

the growth of Methanobacteriales. Some species of Methanobacteriales are known to be 

alkaliphilic, thriving at pH values between 8.1 to 9.1.31 Observations based on qPCR 

analysis suggest that Methanobacteriales were enriched on the Ni-HFM over the course 
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of AnEMBR operation where the ratio of Methanobacteriales to bacteria increased 

significantly from 0.06 (day 27) to 0.47 (day 71).  

The addition of BES resulted in significantly higher yields of hydrogen gas as well as 

an increase in CE to 80% (Figure 4.3 days 49-53). The volume of hydrogen gas 

recovered represented a cathodic hydrogen recovery (rCat) of 55% in the presence of BES 

and was produced at a considerably higher rate (0.091 m3H2/m3/d) (Figure 4.3). Methane 

gas was still present in the produced biogas following BES addition, but at much lower 

concentrations (7%), which showed that methanogens were not completely inhibited 

(Figure 4.3).  

By reducing the applied voltage to 0.5 V, both the current and biogas production 

decreased (Figure 4.3, days 58-62). The rate of biogas production was reduced by more 

than half to 0.012 ± 0.001 m3/m3/d, and was composed of 93 ± 6% methane (Figure 4.3) 

due to a longer cycle duration (5 days). The cycle duration was 3 days and 1 day at an 

applied voltage of 0.7 V and 0.9 V, respectively. Although the CE declined to 53%, an 

average cathodic methane recovery of 72% was achieved (Table 4.1).   

Hydrogen production rates and recoveries can be enhanced in MECs by increasing 

the applied voltage.19 By applying 0.9 V to the AnEMBR, the current density increased to 

15 A/m3 (3.7 A/m2) in the first cycle of operation, and the maximum rate of hydrogen 

production increased to 0.20 m3H2/m3/d (Figure 4.3 and Table 4.1). These production 

rates and recoveries of hydrogen were not sustained, however, and the methane content 

of the biogas increased over subsequent cycles (Figure 4.3). This suggests that 

methanogens adapted to the increased rate of hydrogen production.  
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At all applied voltages, the recovered methane gas did not exceed the maximum that 

could be achieved based on stoichiometric conversion of current into methane (8 mol of 

electrons per mol of methane) (Figure B1). Comparison of the theoretical hydrogen and 

methane production rates, based on the stoichiometric maximum that could be achieved 

from the measured current with the actual measured hydrogen and methane gas 

production rates (detailed analysis in Appendix B), showed that the measured methane 

did not exceed the theoretical maximum methane generation. This further supports that 

hydrogenotrophic methanogenesis was the dominant mechanism of methane generation 

(Figure B1). Strategies to minimize methane and maximize hydrogen could include: i) 

introducing oxygen intermittently since methanogens have a lower oxygen tolerance than 

exoelectrogens; ii) adding an inhibitor such BES, though this would result in additional 

cost or iii) incorporating unidirectional gas valves to prevent hydrogen collected in the 

gas bag from being drawn back into the reactor and thereby minimizing hydrogen 

availability for methanogenesis.  

 

4.3.2 Membrane Fouling 

A major challenge for MBRs is membrane fouling. This phenomenon contributes 

significantly to both capital and operation costs that arise from the need to clean or 

replace membranes. The control reactor operated under open circuit voltage fouled faster 

than the AnEMBR. The TMP of the control reactor reached 54 kPa after 34 days of 

operation, whereas the AnEMBR operated for twice as long before a maximum TMP of ~ 

50 kPa (Figure B2) was measured. During the complete period of reactor operation, the 

Ni-HFM membranes were not subjected to any chemical or physical cleaning. Since both 
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reactors (i.e. AnEMBR and control reactor) had the same configuration and membrane 

material, and were operated under the same conditions (i.e. HRT, organic loading rate, 

temperature, etc.), it can be concluded that the AnEMBR provided an advantage of 

fouling limitation over the control reactor.  

The reduced membrane fouling in the AnEMBR compared to the control reactor 

could be due to a combination of factors. Applied voltage is an important operational 

parameter in MECs as it influences the rate of hydrogen production. An appreciable drop 

in TMP (Figure 4.3 and Figure B2) was observed following increased rates of hydrogen 

production (Figure 4.3) when the applied voltage was increased from 0.5 V to 0.9 V. 

SEM images showed a noticeable difference in the biofilm coverage for Ni-HFM 

operated at 0.5 V (day 62), and following operation at 0.9 V (day 71) (Figure 4.4). This 

difference in biofilm coverage suggests that the increased rate of hydrogen bubble 

formation at the electrode surface (Figure B3) provided a means of scouring the surface 

of the membrane. Additionally, the low cathode potential, required to drive the HER,30 

and localized high pH at the cathode electrode surface that results from proton 

consumption30, might have slowed fouling in the AnEMBR system compared to the 

control reactor. However, further studies are necessary to elucidate the mechanism of 

fouling in the AnEMBR system and to evaluate the relationship between cathodic physio-

chemical reactions and fouling propensity.   
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Figure 4.4. Scanning electron micrographs of the Ni-HFM after operation at an applied voltage of 
0.5 V (A and C) and 0.9 V (B and D). 

 

4.3.3 Energy Balance 

The energy content of the biogas produced by the AnEMBR exceeded the electrical 

energy input to the system to drive H2 evolution as well as to recirculate and filter the 

treated water (ηE) (Table 4.2). At an applied voltage of 0.7 V and a volumetric current 

density of 11.1 ±0.8 A/m3, the AnEMBR produced 3 mol CH4/m3 with a negligible 

amount of hydrogen in the biogas. Using the higher heating values for methane (891 

kJ/mol), this represents an energy yield of 2670 kJ/m3 or 0.74 kWh/m3. However, since 

the efficiency of converting methane to electricity by combustion processes is only 

B A 

C D 
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33%,25 a maximum of 0.24 kWh/m3 of electricity could be generated from the recovered 

methane. This is sufficient to meet 47% of the electrical energy demand (0.51 kWh/m3) at 

an applied voltage of 0.7 V (Table 4.2). Although energy neutrality was not achieved 

under these conditions, the energy required to operate the AnEMBR system (0.27 

kWh/m3) after subtracting the electrical energy demand (0.51 kWh/m3) from the 

recovered energy (0.24 kWh/m3) is still much lower than what is required for large-scale 

aerobic MBRs (1-2 kWh/m3).  

Table 4.2. Efficiencies and overall energy recoveries of the AnEMBR at different applied 
voltages 
 
Eap ηE (%)a ηS (%)b Electricity 

(power supply 
+ pumping) 
(kWh/m3)c  

Energy 
recovery 
(kWh/m3)d 

Net energy 
(kWh/m3) 

0.5 158 39 0.30 0.46 0.16 
0.7 146 71 0.51 0.74 0.24 
0.9 105 53 0.46 0.58 0.03 
0.7e 145 71 0.62 0.91 0.29 

aEnergy efficiency relative to the electrical energy input (power supply and pumping). bEnergy 
efficiency relative to the added substrate. cBased on energy consumption calculations. dBased on 
energy recovery calculations. eOperation with 2-Bromoethanesulfonate, a known inhibitor of 
methanogenesis. Note: Dissolved CH4 and H2 were not included in the calculations. 
 

A significant fraction (71%) of the substrate was recovered in the form of biogas (83 

% CH4; <1% H2) at 0.7 V (Table 4.2). This gas composition compares favorably with 

that produced by anaerobic fluidized membrane bioreactors (AFMBRs) that can recover 

83% of the substrate as methane (both dissolved and gas phases).25 It should be noted that 

methane fraction of the biogas (83 % at 0.7 V) was appreciably higher than typical 

percentages for biogas from conventional anaerobic digestion processes (60-75%), in 

which acetoclastic methanogenesis is the dominant methane production pathway.32 

Acetoclastic methanogenesis produces equal amounts of methane and CO2, yielding a 
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biogas with a large proportion of CO2.32 The relative purity of the methane produced in 

the AnEMBR is an advantage to producing methane bioelectrochemically. 

Addition of 2-bromoethansulfonate to the reactor at an applied voltage of 0.7 V resulted 

in a significant increase in hydrogen yields with minimal methane detected in the biogas. 

Under these conditions and assuming an efficiency limit of a hydrogen fuel cell (based on 

the higher heating value of hydrogen) of 83% at 25oC, the energy balance of the 

AnEMBR was positive (0.14 kWh/m3) (Table 4.2), however, this energy balance would 

change when using domestic wastewater and scaling up the system. 

 

4.3.4 Permeate Water Quality 

The SCOD removal was > 95% at all applied voltages tested, with permeate SCODs of 

0.3 mg/L at 0.7 V, 20 mg/L at 0.5 V and 10 mg/L at 0.9 V. The TSS in the permeate at 

the end of a batch cycle was ~17 mg/L. Previous studies integrating MFC with MBR15, 16 

reported negligible TSS in the permeate using membranes with pore size of 0.065 μm16 

and 0.1 μm15, which are much smaller than the pore size (1 μm) of the Ni-HFM used in 

this study. Further optimization of the fabrication process can generate hollow fibers with 

a pore size in the range of ultrafiltration membranes (2 – 50 nm) that would yield 

permeate with improved water quality.16  

 

4.4 Conclusions 

The proof-of-concept AnEMBR effectively treated a low organic strength solution. The 

system was operated for 70 days without membrane cleaning, and observations suggest 

that biofouling could be mitigated by increasing the applied voltage. A large fraction of 
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substrate energy was recovered as methane and calculations indicate that the dissolved 

methane was minor (Appendix B). The overall energy balance showed that the AnEMBR 

required less energy than that typically required by CAS. Although dissolved methane 

concentrations were estimated to be low, further reduction in methane concentrations are 

desirable in AnEMBR effluents since methane release into the atmosphere also poses an 

environmental risk. These results of this study demonstrated a novel proof-of-concept 

design for treating low organic strength solutions, while simultaneously recovering 

energy and reclaiming treated water in a single reactor with less energy than current 

treatment systems. 
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Chapter 5 

 

Graphene-coated hollow fiber membrane as cathode electrode in anaerobic 

electrochemical membrane bioreactors – Evaluation of membrane fouling propensity 

and system performance at different applied voltages 
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ABSTRACT 

Cathodes were made from nickel hollow fiber membranes and coated with graphene 

to reduce the biofouling propensity of these electrically conductive electrodes, and 

improve the performance of anaerobic electrochemical membrane bioreactors. 

Duplicate reactors were acclimated and operated at applied voltages of Eps = 0.7 V 

and Eps = 0.9 V for a period of 83 days. The onset of biofouling was delayed and 

minimized in reactors operated at Eps = 0.9 V, compared to those at Eps = 0.7 V. 

Maximum transmembrane pressures of 0.16 bar (Eps = 0.7 V) and 0.09 bar (Eps = 0.9 

V) were measured after 60 days of operation. Transmembrane pressure was correlated 

with methane production, suggesting that methanogens contributed extensively to 

biofouling. During initial cycles following stable current production (up to day 30), 

the system produced net energy due to the predominance of hydrogen in the product 

gas (>80%). Methane production increased with time, resulting in a mixture of 

hydrogen and methane in the gas for the remainder of the experiment. Although the 

energy balance became negative at both applied voltages, the energy deficit was still 

<32% of that typically required for conventional activated sludge processes. Graphene 

demonstrated similar electrocatalytic performance for the hydrogen evolution reaction 

to Nickel. Further research of graphene and other alternative carbon-based, metal-free 

catalysts is necessary to develop low cost conductive hollow fiber membranes for 

wastewater treatment using bioelectrochemical systems.  
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5.1 Introduction 

Population growth and urbanization are driving an increased global demand for water. 

Primary freshwater sources are already over-utilized in many parts of the world 

leading to the exploration of alternative sources of fresh water. Seawater desalination 

is one approach to augment freshwater supplies but is limited to coastal cities, and is 

energy intensive. Domestic wastewater provides a reliable and significant source of 

water suitable for reuse, particularly in large cities, and its use is not restricted by 

geographical location. 

Wastewater treatment based on the conventional activated sludge (CAS) processes 

consumes relatively large amounts of energy though (≈0.6 kWh/m3),1 with about half 

of that energy used for wastewater aeration. These systems also require large 

footprints in order to provide the necessary post treatment steps to meet increasingly 

stringent water quality standards. Aerobic membrane bioreactors (MBRs) have 

significantly smaller footprints than CASs because they can achieve biological 

wastewater treatment and solids separation in the same tank using a membrane to 

separate solids from treated water. MBRs produce treated water of excellent quality, 

but at a considerable energy penalty (1-2 kWh/m3).2 A large fraction of the energy 

used to operate MBRs is due to aeration, which is required to supply oxygen for 

bacterial respiration as well as to scour the membranes to minimize fouling.3 

Microbial electrochemical technologies (METs), such as microbial fuel cells 

(MFCs) and microbial electrolysis cells (MECs), offer an alternative approach to 

effectively treat domestic wastewater with recovery of the inherent energy as 

electricity (MFCs) or hydrogen (MECs).4, 5 MFCs consist of electroactive bacteria 

enriched at an anode that oxidize organic matter in the wastewater, an external circuit 

to transfer electrons, and a cathode electrode where, typically, oxygen is reduced to 
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water. By adding energy to the system, using an external power source, and 

eliminating oxygen from the cathode, an MFC can be altered to produce hydrogen at 

the cathode in a configuration known as an MEC. The additional energy added to the 

system makes it possible to overcome the thermodynamic barrier for the hydrogen 

evolution reaction (HER) to occur at the cathode.6, 7  The  HER that occurs at the 

cathode in an MEC requires a catalyst, usually metal based, to ensure sufficiently fast 

kinetics to enable practical applications.8, 9 Platinum has the best electrocatalytic HER 

performance compared to many other metals, but it is prohibitively expensive.10 

Alternative non-precious metals that have been investigated, such as Ni, Co, Mo and 

Fe, have shown relatively good electrocatalytic activity, although they have higher 

overpotentials.10-14 Carbon based materials are abundant and cost effective, and 

therefore they provide an attractive alternative for the fabrication of metal-free 

catalysts. Graphene, a single layer of carbon atoms densely packed into a honeycomb 

structure, has attracted significant interest due to its excellent thermal, mechanical and 

electrical properties.15 A metal-free hybrid catalyst prepared by coupling graphitic-

carbon nitride with nitrogen-doped graphene was recently reported for HER with an 

overpotential of ~ –0.24 V (0.5 M H2SO4, scan rate = 5 mV/s).16 The unexpected 

electrocatalytic activity was attributed to highly active hydrogen adsorption sites of 

the graphitic carbon and enhanced electron transport facilitated by nitrogen-doped 

graphene.16 Carbon felt has been used as a cathode in MECs with reasonable 

performance17 which demonstrates the potential for using carbon-based metal-free 

catalysts for HER in MECs. To the authors’ knowledge, there have been no previous 

reports of using graphene-based cathodes in microbial electrolysis cells. 

By integrating MFCs with MBRs it is possible to reclaim water for reuse purposes 

and significantly reduce energy consumption for wastewater treatment.18-23 The major 
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challenges with incorporating membranes in MFCs are maximizing energy recovery 

and minimizing membrane fouling.22 In a previous study using polyvinylidene 

fluoride membranes (0.02 μm pore size) in a single chamber MFC, membrane fouling 

occurred within 20 h, but could be slowed by increasing the hydraulic retention time 

(HRT) from 19 to 27 h.22 A longer HRT may be beneficial to minimize fouling, but 

reduces power production and current densities of MFCs treating domestic 

wastewater.22, 24 Membrane fouling control is a considerable challenge in both aerobic 

and anaerobic membrane-based bioreactors.25, 26 In Chapter 4, a novel process was 

described that used an electrically conductive nickel based hollow fiber membrane 

(Ni-HFM) as cathode and membrane filter. This process, called anaerobic 

electrochemical membrane bioreactor (AnEMBR), used less net energy to treat 

wastewater (0.27 kWh/m3) than MBRs (1-2 kWh/m3), due to the recovery of biogas 

that could be used to offset the added energy. Although the membranes fouled with 

time, findings suggested that increased hydrogen production rates, as a result of 

higher current densities, might reduce membrane fouling. 

In this study, I examined the performance and fouling of a new type of cathode 

membrane in an improved AnEMBR reactor configuration. Ni-HFM cathodes were 

coated with graphene to reduce fouling compared to the reduction in performance 

previously seen with an uncoated Ni surface. The reactor configuration was improved 

by placing the carbon cloth anode directly opposite vertically-aligned cathode hollow 

fiber membranes to minimize distances between the electrodes, and thus reduce ohmic 

(solution) resistance (Figure 5.1). The cathode surface area to volume ratio was also 

increased compared to a previous design to improve performance on a per-volume 

basis. The reactors were operated at two different applied voltages (0.7 V and 0.9 V) 

commonly used in MEC studies to minimize losses at the cathode electrode.27-31  
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Figure 5.1. Schematic diagram of the AnEMBR configuration used in this study. 

 

5.2 Materials and Methods 
 

5.2.1 Preparation of cathodes 

Ni-HFM cathodes were fabricated using a combined phase-inversion/sintering method 

as previously described, and then coated with graphene.32 Briefly, nickel powders 

were mixed with 1-methyl-2-pyrrolidinone, polyether sulfone  and 

polyvinylpyrrolidone  and the suspension was extruded through a spinneret using 

water as the inner and outer coagulant. The hollow fiber was dried at room 

temperature and then sintered at high temperature to remove organic compounds. 

After cooling, the fiber was reduced from the metal oxide state to the metal state at 

810°C for 6 h in pure hydrogen. The Ni hollow fiber was then purged with methanol, 

isopropanol, and deionized water in series and dried at 100 °C in a tube furnace under 

N2 atmosphere. After evacuation of the chemical vapor deposition (CVD) chamber 

(quartz tube), the clean Ni hollow fiber was heated to 1000 °C in the forming gas 
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(H2/Ar, 200/500 mL min-1) and held at this temperature for 15 min to reduce the 

surface oxide layer. After reduction, the Ni hollow fiber was exposed to the mixture 

of acetylene (22 mL/min) and H2 (495 mL/min) at 1000 °C for 5 min and then cooled 

in a tube furnace with Ar. The graphene coated, nickel-based HFM (Ni-HFM) had an 

average pore size of 1 μm (Figure 5.2 A-D). X-ray photoelectron spectroscopy (XPS) 

results confirmed the graphene coating and showed 96% C coverage of the surface 

(Figure C1, Appendix C). 

 

  

  

Figure 5.2. Scanning electron micrographs of the graphene coated Ni-HFMs showing the 
cross section of the fiber (A), close-up of fiber wall (B), close-up of fiber surface with pores 
visible (C) and outer surface of the fiber at the lower magnification of 140x (D).  
 

5.2.2 Reactor Construction and Operation 

A schematic representation of the reactor is shown in Figure 5.1. Four single chamber, 

rectangular reactors were constructed from plexiglass. The reactors consisted of a 

A B 

C D 

500 μm 
300 μm 

20 μm 
500 μm 
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central housing (14.5 × 5 × 5 cm) with an internal liquid volume of 183 mL (12.5 × 3 

× 5 cm) and two solid end plates (14.5 × 5 cm). The final working liquid volume of 

each reactor was 165 mL. The headspace of the reactor was approximately 18 mL. 

The anode electrode was prepared from non-wet proofed carbon cloth (CC-

B1DBN40, Clean Fuel Cell Energy, LLC, FL, USA) that was cut to fit on one side of 

the reactor, with a projected surface area of 35 cm2 (22.7 m–1). Prior to assembly, the 

anode electrode was held in position on one side of the housing using a silicone 

adhesive that was spread around the edge of the reactor housing. A piece of titanium 

foil (1.5 × 2.5 cm) was used as a current collector and positioned on one edge midway 

along the reactor housing. To ensure a good electrical connection, the area below the 

titanium current collector was not coated with silicone adhesive.  

The cathode consisted of five graphene coated Ni-HFMs bundled together using 

copper wire and conductive silver epoxy. Each fiber was 10 cm long with an outer 

diameter of 0.09 cm, with a surface area of 2.8 cm2 per fiber. The copper wire was fed 

through a port on the top of the reactor and used as the cathode connection. Each fiber 

was sealed at the bottom end with a drop of epoxy. A piece of silicone tubing was 

placed over the top of the fibers up to the point of connection and the juncture was 

covered with epoxy to create a water tight membrane module, and avoid exposure of 

the copper wire to solution. The ends of the fibers located within the silicone tubing 

were left open to allow for filtration. The total surface area to volume ratio of the 

cathode was 8.6 m2/m3, compared to 4 m2/m3 used in previous tests (Chapter 4). The 

silicone tube at the top of the cathode electrode was inserted into a second tube with a 

larger diameter and guided through a hole located at the top of the housing. The tube 

was fixed in place using epoxy glue with the cathode fibers positioned approximately 

1.5 cm from the anode. The tubing was connected to a peristaltic pump for filtration.  
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Silicone gaskets were placed between the end plates and the housing to ensure a tight 

seal and to prevent oxygen leaking into the reactor. A port located near the bottom of 

the housing was used as the inlet and outlet for feeding and sampling the reactor. The 

gas bag was positioned at the top of the reactor and connected to the reactor using 

black tubing (10 cm) via a tubing connector inserted into a 10 mm diameter threaded 

port on the top of the housing. A reference electrode (Ag/AgCl, MF-2052, BASi) was 

placed between the anode and cathode electrodes in a vertical orientation through a 

hole on the top of the housing to measure the anode potential. Care was taken to 

ensure all connections were well sealed with non-conductive epoxy.  

The reactors (in duplicate) were started up at an applied voltage of 0.7 V or 0.9 V 

and fed with medium33 containing 10 mM acetate for the first three cycles, until 

steady current generation was observed. Anaerobic digester sludge (10 % v/v, 

Manfouha Wastewater Treatment Plant, Riyadh, KSA) was used as inoculum. After 

this, the acetate concentration was reduced to 5 mM (320 mg/L COD) to provide an 

organic matter concentration more similar to domestic wastewater. Two reactors were 

operated under fed-batch conditions for 20 days at room temperature (25°C) prior to 

obtaining experimental results. The applied voltages were not changed, except as 

noted. The theoretical hydraulic retention time (HRT) was set at 48 hours (0.7 V) or 

24 hours (0.9 V), to provide comparable COD removals with the different applied 

voltages. An external power source (3645A; Circuit Specialists, Inc., AZ) was used to 

apply voltage to the circuit, and a data logger (ADC 24, PicoLog, UK) was connected 

to monitor the voltage across an external resistor (Rex = 10 Ω) to calculate current. At 

the end of selected batch cycles, when the voltage dropped to within 10 % of the peak 

voltage, the treated medium was filtered through the cathode filters using a peristaltic 

pump (Masterfelx L/S, Cole-Parmer, Vernon Hills, IL.) at a permeate flux of 6.9 
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L/m2-h (LMH). The transmembrane pressure (TMP) of the membrane filters was 

measured by means of a pressure transducer (68075-32, Cole-Parmer Instrument 

Company) attached to the filtrate line, and recorded using a data acquisition system 

(LabVIEW, National Instruments) connected to a computer. A new cycle was started 

after the remaining liquid was drained and fresh medium was pumped into the reactor. 

 

5.2.3 Membrane cleaning  

After 60 days of operation the reactors were disassembled and the cathode HFM 

removed for cleaning. Each set of fibers was placed into a sodium hypochlorite 

solution (1%) for 15 minutes. The fibers were next immersed into concentrated 

hydrochloric acid (HCl) for 5-10 seconds, before rinsing briefly in a beaker of 

deionized water placed in a sonication bath. The fibers were dipped five times in the 

HCl before being rinsed with distilled water and replaced into the reactor. 

 

5.2.4 Energy Recovery Calculations27  

The moles (n) of gas produced from the measured gas volume were calculated using 

the ideal gas law at 298 K and 1 bar of pressure  

The energy content of the biogas produced is  

𝑊Gas = 𝑛H2∆𝐻H2  +  𝑛CH4∆𝐻CH4                                                                        (5.1) 

where nH2 is the number of moles of hydrogen produced, ΔHH2 = 285.83 kJ/mol is the 

energy content of hydrogen based on the heat of combustion (upper heating value), 

nCH4 is the number of moles of methane produced and ΔHCH4 = 891 kJ/mol is the 

energy content of methane. WGas was converted to kWh using a conversion factor of 

0.000278 (1 kWh = 3600 kJ) and normalizing this power consumption to the reactor 

volume (m3). 



111 
 

 
 

The energy content of the acetate converted to current that entered the external 

electrical circuit is 

𝑊Circuit = ΔS(CE/100)Δ𝐻S                                                                                  (5.2) 

where ΔS is the change in acetate substrate concentration (mol/L) at the start and end 

of a cycle, CE is the coulombic efficiency which represents the fraction of oxidized 

acetate converted to current, and ΔHS = 870.28 kJ/mol is the heat of combustion of 

acetate. The energy recovered as biogas, relative to that possible based on the 

measured current, is the cathodic recovery, rCat, calculated using 

𝑟Cat(gas) =
𝑊Gas

𝑊Circuit
                                                                                               (5.3) 

 

5.2.5 Energy Consumption  

The energy consumed for filtration was calculated from the pump power equation,34 

as  

𝑃 =  
𝑄𝛾𝐸
1000

                                                                                                               (5.4) 

where P is the power requirement (kW), Q is the permeate flow rate of 0.0096 L/h 

(3.33 × 10–9 m3/s), γ is 9800 N/m3 and E is the head loss due to TMP (m). Dividing 

the overall power requirement (kW) by the permeate flow rate (1.2 × 10–5 m3/h) 

yielded the pumping energy requirement of the system in kWh/m3 (WF).  

The amount of energy added to the system by the power source, adjusted for 

losses across the resistor (WE), is given by  

𝑊E(kJ) =  ��𝐼𝐸ps∆𝑡 −  𝐼2𝑅ex∆𝑡�
n

1

                                                                  (5.5) 

where Eps (V) is the applied voltage set by the power source, Δt (s) is the time 

increment for n data points measured during a batch cycle, and Rex = 10 Ω is the 
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external resistor in the circuit. WE is converted to kWh using a conversion factor of 

2.78 × 10–4 and normalizing this power consumption by volume (m3). 

 

5.2.6 Energy Efficiency Calculations27  

The energy efficiency relative to the electrical input (ηE) is the ratio of the energy 

content of the biogas produced to the input electrical energy required, or 

𝜂𝐸 =  
𝑊Gas

𝑊E+F
                                                                                                               (5.6) 

The efficiency relative to the added substrate (ηS) is given by  

𝜂𝑆 =  
𝑊Gas

𝑊S
                                                                                                              (5.7) 

where WS is the amount of energy added by the substrate is given by  

𝑊S(kJ) = 𝑛S∆𝐻Ac                                                                                                    (5.8) 

where ∆𝐻S = 870.28 kJ/mol is the heat of combustion of the acetate, and 𝑛S is the 

number of moles of substrate consumed. The overall energy recovery relative to both 

electricity and substrate inputs (ηE+S) is given by 

𝜂E+S =  
𝑊Gas

𝑊E +  𝑊S
                                                                                                   (5.9) 

The energy contributed by the power source (eE) and substrate (eS) were 

calculated as percentages using 

𝑒E =  
𝑊𝐸

𝑊𝐸 +  𝑊𝑆
                                                                                                     (5.10) 

𝑒S =  
𝑊𝑆

𝑊𝐸 + 𝑊𝑆
                                                                                                     (5.11) 

 

5.2.7 Measurements and Analyses  

Total suspended solids (TSS) were measured using standard methods.35 Samples for 
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acetate analysis were filtered through 0.45 μm pore diameter syringe filters prior to 

analysis to remove any particulate matter. Acetate concentrations were measured with 

an Aminex HPX-87H Ion Exclusion Column (Bio-Rad Laboratories, Hercules, CA) 

using 5 mM sulphuric acid solution as mobile phase at a flow rate of 0.55 mL/min. 

The HPLC unit was an Accela HPLC system (Thermo Scientific) fitted with a 

photodiode array (PDA) detector. Peaks were detected at 210 nm. Coulombic 

efficiency (CE) was calculated as CE = Ct/Cth × 100%, where Ct was the total 

coulombs calculated by integrating the current over time (Ct = Σ I Δt, where Δt is the 

duration of a cycle), Cth was the theoretical amount of coulombs available based on 

the acetate removed over the same amount of time, calculated as Cth = [F b (Cin – 

Cout)]/M, where F is Faraday’s constant (96485 C/mol), b = 8 is the number of 

electrons produced per mole of acetate, Cin and Cout are the influent and effluent 

acetate concentrations and M = 82 is the molecular weight of acetate.6  

Gas was collected in a gas bag connected to the top of the reactor. At the end of 

each batch cycle, the gas composition in the reactor headspace and gas bag was 

analyzed using two gas chromatographs (model 310, SRI Instruments) for H2, N2, 

CH4 and CO2, according to methods described previously.27  

Internal resistance (Rint) of the assembled reactors was measured by 

electrochemical impedance spectroscopy (EIS) using a potentiostat (VMP3, BioLogic, 

Claix, France) under open circuit conditions, over a frequency range of 100 kHz to 

0.1 Hz with a sinusoidal perturbation of 14.2 mV amplitude (two electrode setup). 

Internal resistance was determined from Nyquist plots of the impedance spectra where 

the real impedance Zre intersected the X-axis (imaginary impedance Zim = 0).36, 37 EIS 

tests were carried out at the end of the experiment.  



114 
 

 
 

Linear sweep voltammetry (LSV) was used to test the cathode performance of the 

graphene coated Ni-HFM compared to uncoated Ni-HFM, stainless steel, and graphite 

electrodes. These tests were performed in a single chamber electrochemical cell using 

a potentiostat (VMP3, BioLogic, Claix, France) at a scan rate of 1 mV/s over a 

potential range of 0 V to –1.4 V (vs. Ag/AgCl). The cell was filled with the same 

medium as that used during the experiment. EIS was also conducted for the 

previously used tubular reactor to quantify its internal resistance. 

The biofilms on the Ni-HFM membranes were examined using scanning electron 

microscopy (SEM). Prior to SEM imaging, new and biofilm covered membranes were 

dehydrated in a series of graded alcohol solutions and oven dried (2 h at 30 °C). The 

samples were mounted either flat onto an aluminum stub using thin aluminum tape or 

vertically inside a machined slot aluminum stub. After sputter-coating the samples 

with gold palladium for 30 s at 25 mA current in an argon atmosphere, SEM imaging 

(Quanta 200D, FEI, The Netherlands) was performed using an accelerating voltage of 

25 kV and working distance of 10 mm. 

 

5.3 Results and Discussion 

5.3.1 Electrochemical analysis of the cathodes.  

Graphene coated Ni-HFM showed a similar overpotential compared to uncoated Ni-

HFM (~ –0.5 V) which was lower than that of stainless steel (~ –0.8 V) and graphite 

(~ –1.2 V) (Figure 5.3). This demonstrated that adding the graphene coating did not 

alter the Ni-HFM overpotential for HER. All of the materials tested had baseline 

currents of close to zero at 0 V, which shows that each has a relatively high 

overpotential.38 At –1.4 V, the graphene coated Ni-HFM produced 2.8 mA/cm2, 

substantially more than graphite (0.3 mA/cm2), but less than that obtained with 
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uncoated Ni-HFM (7.3 mA/cm2) and stainless steel (3.6 mA/cm2). Thus, the graphene 

coating slightly reduced the working current compared to Ni-HFM, likely due to the 

extra carbon layer, although it did not affect the overpotential.  

 

Figure 5.3. LSVs for graphene-coated Ni-HFM, uncoated Ni-HFM, stainless steel, and 
graphite. 
 

5.3.2 Performance and Fouling of AnEMBRs Acclimated at Different Applied 

Voltages.  

The time needed for appreciable current generation was slightly longer in AnEMBRs 

acclimated at Eps = 0.7 V than those at Eps = 0.9 V. Reactors began to produce stable 

current after nearly 13 days (Eps = 0.9 V) and 15 days (Eps = 0.7 V) (Figure 5.4). 
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Figure 5.4. Peak volumetric current densities (circles) and TMP (squares) of duplicate 
AnEMBRs operated at 0.7 V (closed circles, closed squares) and 0.9 V (open circles, open 
squares). Values represent averages of duplicate reactors. Reactors were operated at 30°C 
from day 72 until the end of the experiment. Sections denoted SV between vertical lines 
indicate cycles at which 0.7 V reactors were switched to 0.9 V. 

 

AnEMBRs produced an average current density of 29.1 ±1.8 A/m3 (3.4 ±0.2 

A/m2, duplicate reactors) at an applied voltage of Eps = 0.7 V, and 49.3 ±4.6 A/m3 (5.7 

±0.5 A/m2) at Eps = 0.9 V over the first 50 days of operation (Figure 5.4). The current 

density measured here at Eps = 0.7 V was 162% higher than that reported previously 

for an AnEMBR (11.1 A/m3) using uncoated Ni-HFM as the cathode and a different 

electrode and reactor configuration, at the same applied voltage (Chapter 4). The 

internal resistance of the newly configured AnEMBR with graphene coated Ni-HFM 

was 21.2 ±0.4 Ω compared to 34.2 ±0.3 Ω for the previous AnEMBR using uncoated 

Ni-HFM. The increase in current generation was partly due to this reduced internal 

resistance.  

Reactor performance was evaluated at different points in time. Initial cycles 

following stable current production, and up to 30 days, represented the period of 

maximum hydrogen recovery. The performance after ~50 days of operation, prior to 
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membrane cleaning, represents a period where methanogenesis was well established. 

The final stage at 80 days indicates performance following membrane cleaning, and at 

a higher temperature (30 °C).  

The coulombic efficiency (CE) was >100% during the first 30 days of operation at 

both applied potentials (Table 5.1). There are two possible reasons for CEs exceeding 

100%: hydrogen recycling by exoelectrogenic anode bacteria using hydrogen as the 

electron donor;17 or the presence of homoacetogenic bacteria that convert hydrogen to 

acetate which is then oxidized to current by exoelectrogens.39, 40 It is generally 

considered that hydrogen recycling is the main reason for CEs > 100%.41, 42 The 

possibility of acetogenesis has not been well explored in these systems.   

Hydrogen recoveries were the highest over this initial period of six days following 

stable current generation, and reached 0.21 ±0.05 m3 H2/m3 d at Eps = 0.7 V, and 0.41 

±0.08 m3 H2/m3 d at Eps = 0.9 V (Table 5.1). The CEs decreased to 83% (Eps = 0.7 V) 

and 79% (Eps = 0.9 V) at 50 days, but increased slightly to 92% at both applied 

voltages at 80 days when the reactors were operated at 30 °C (Table 5.1).  

 

Table 5.1. Performance of AnEMBRs acclimated at different applied voltages. 

Eps = 0.7 V 
Experimental 
stage 

Acetate 
removed (%) 

CE (%) QH2  
(m3/m3 d) 

QCH4  
(m3/m3 d) 

rcat (biogas) 

30 days 83.3 ±4.1 104 ±16 0.21 ±0.05 0.01 ±0.01 0.69 ±0.13 
50 days 89.5 ±2.8 83 ±21 0.07 ±0.06 0.04 ±0.02 0.60 ±0.08 
80 days  
(30 °C) 

88.6 ±5.5 92 ±6 0.07 ±0.05 0.07 ±0.02 0.58 ±0.07 

Eps = 0.9 V 
Experimental 
stage 

Acetate 
removed (%) 

CE (%) H2 rate 
(m3/m3/d) 

CH4 rate 
(m3/m3/d) 

rcat (biogas) 

30 days 62.1 ±3.6 137 ±20 0.41 0.08 0.01 ±0.004 0.76 ±0.10 
50 days 83.4 ±7.6 79 ±30 0.17 0.08 0.07 ±0.030 0.75 ±0.14 
80 days 
(30 °C) 

84.4 ±4.8 93 ±7 0.23 0.11 0.14 ±0.050 0.91 ±0.08 
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The composition of the recovered gas shifted from predominantly hydrogen to a 

mix of hydrogen and methane over the course of the experiment (Figure 4.5). 

Cathodic recovery of biogas (rCat) was 0.76 (30 days) and 0.75 (50 days) at Eps = 0.9 

V, compared to 0.69 (30 days) and 0.60 (50 days) at Eps = 0.7 V (Table 5.1). At 80 

days (30° C ) the rCat increased to 0.91 for reactors at Eps = 0.9 V but dropped slightly 

to 0.58 for Eps = 0.7 V (Table 5.1).  

 

 

 

Figure 5.5. Percentages of H2, CH4 and CO2 in the biogas from reactors at Eps = 0.7 V 
(A) and Eps = 0.9 V (B) for different stages of the experiment. 
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The slight drop in average current density observed at 40 days for reactors at Eps = 

0.9 V was due to experimental error during a filtration cycle that affected anode 

performance. The reactors recovered to produce current densities similar to those 

measured before the error within a few days. The anode potentials were more negative 

for reactors at Eps = 0.7 V (–0.38 ±0.01 V vs Ag/AgCl) than the reactors at Eps = 0.9 V 

(–0.28 ±0.02 V vs Ag/AgCl), which enabled their better performance. Electrode 

potentials were measured periodically with a multimeter and measurements showed 

that these were stable over the duration of the experiment. A change in temperature 

from 25° C to 30° C increased current generation by 29% for reactors at Eps = 0.7 V 

(37.4 ±4.4 A/m3) and 23% for reactors at Eps = 0.9 V (60.8 ±5.4 A/m3). 

Filtration and TMP measurements were started after 24 days of operation. 

Reactors acclimated at Eps = 0.9 V showed overall lower TMP than those acclimated 

at Eps = 0.7 V over the course of the experiment (Figure 5.4). From day 24 to 40 the 

TMP for reactors at Eps = 0.7 V was twice that of reactors at Eps = 0.9 V illustrating a 

delayed onset of fouling for reactors acclimated at Eps = 0.9 V. After 60 days of 

operation the TMP for Eps = 0.7 V reactors reached a maximum of 0.16 bar compared 

to 0.08 bar for reactors at Eps = 0.9 V. Increasing the applied voltage from 0.7 V to 0.9 

V (day 59) showed no effect on the TMP (Figure 5.4). This was unexpected as 

previous findings showed a noticeable drop in TMP when the applied voltage was 

changed from 0.5 V to 0.9 V (Chapter 4).  

After chemically cleaning the membranes (day 64) with sodium hypochlorite and 

concentrated HCl, the TMP decreased significantly to 0.05 bar (Eps = 0.7 V) and 0.02 

bar (Eps = 0.9 V). After further operation for 16 days, the TMP of reactors at Eps = 0.7 

V increased to 0.14 bar compared to 0.07 bar for reactors at Eps = 0.9 V (Figure 5.4). 

Although the TMP increased for both set of reactors with time, the final TMP values 
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(83 days of operation) were 70% (Eps = 0.7 V) and 86% (Eps = 0.9 V) lower than the 

previous tubular design (0.5 bar, 70 days of operation).  

The increase in TMP correlated with the increase in methane production at both 

voltages (Figure 5.6). Methane was detected at very low concentrations after 20 days 

(Eps = 0.7 V) and 23 days (Eps = 0.9 V) and increased steadily with successive cycles. 

Methane generation increased more rapidly at Eps = 0.7 V compared to Eps = 0.9 V 

(Figure 5.7 A and B) and became the predominant gas after 42 days of operation at 

Eps = 0.9 V, except when the applied voltage was increased from 0.7 V to 0.9 V 

(Figure 5.7 B). By contrast, hydrogen was dominant in the biogas at Eps = 0.9 V for 

the duration of the experiment (Figure 5.7 A). It is likely that methane was produced 

by hydrogenotrophic methanogens, as previously observed in the original AnEMBR 

study (Chapter 4). The longer hydraulic retention time (HRT) of approximately 48 h 

at Eps = 0.7 V, compared to 24 hours at Eps = 0.9 V, likely allowed for more extensive 

hydrogenotrophic conversion of hydrogen to methane. It is clear that 

hydrogenotrophic methanogens contributed significantly to membrane fouling of 

AnEMBRs considering the correlation between increased TMP and increased 

methane generation.  
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Figure 5.6. Percentage of methane in recovered gas and TMP for reactors operated at 
Eps = 0.7 V (green circles) and Eps = 0.9 V (open circles). 
 

Scanning electron microscopy images revealed that the membrane fouling layer 

was relatively flat and thin after 64 days of operation (Figure 5.8 C and D). The 

fouling layer was comprised of irregular scattering of cells and a glue-like coating, 

presumed to be the extracellular polymers (EPS) that hold the cells together.43 There 

was no clear difference in the morphology or coverage of the fouling layer to explain 

the difference in TMP measurements for the two sets of reactors. It may be that the 

EPS was denser and more established at Eps = 0.7 V reactors compared to membranes 

at Eps = 0.9 V. However, additional analyses, based on extraction and quantification 

of the EPS, would need to be conducted to verify this. The fouling layers formed in 

this study were approximately 0.4-0.5 μm thick (Figure 5.8 C and D), approximately 

one tenth the thickness of the fouling layer observed for the previous tubular 

AnEMBR design (~4 μm) (Figure 5.8 G and H). In that study, the fouling layer was 

homogenous and comprised of multiple layers of cells. This suggests that the 
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hydrogen production rates and shorter HRTs, had a significant effect on the 

development and morphology of the initial fouling layer. The morphology of the 

fouling layer that developed after cleaning was different for reactors at Eps = 0.7 V 

and Eps = 0.9 V (Figure 5.8 E and F). The fouling layer at Eps = 0.7 V reactors 

appeared to contain larger quantities of EPS whereas the fouling layer at Eps = 0.9 V 

appeared more sponge-like with less EPS (Figure 5.8 E and F). More open pores were 

visible in the membranes from reactors at Eps = 0.9 V compared to membranes from 

reactors at Eps = 0.7 V. The presence of more open pores could explain the lower 

TMP measured for reactors at Eps = 0.9 V after 83 days of operation (Figures 5.4 and 

5.8).  
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Figure 5.7. Percentage of hydrogen (open circles) and methane (closed circles) in the biogas 
and TMP (closed squares) for reactors acclimated at (A) Eps = 0.9 V  and (B) Eps = 0.7 V. 
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Figure 5.8. Scanning electron micrographs of graphene coated Ni-HFMs (A and B) before 
operation, (C = 0.7 V, D = 0.9 V) after 64 days of operation  and (E = 0.7 V, F = 0.9V) after 
83 days of operation. Also shown are SEM images of graphene coated NiHFMs from the 
previous tubular reactor used during startup and approximately 30 days of operation at 0.7 V 
(G and H).  
 

5.3.3 Energy Recovery and Efficiency  

Energy recoveries relative to electricity and substrate (ηE+S) did not correlate with 

applied voltage, and decreased with time from ηE+S = 61.5 ±14.4 to 45 ±8 % (Eps = 0.7 

V) and ηE+S = 65 ±10 to 50 ±9% (Eps = 0.9 V) between day 30 and day 50 (Table 5.2). 

An increase in temperature to 30° C at 80 days resulted in increased energy recoveries 

to ηE+S = 49 ±6 at Eps = 0.7 V, and ηE+S = 66 ±7 at Eps = 0.9 V (Table 5.2). The energy 

content of the biogas exceeded the electricity consumed by the power source and the 

filtration pump (ηE) at both applied voltages for all stages of the experiment (Table 

5.2). The energy recovery relative to electricity input (ηE) was higher at Eps = 0.7 V, 

except for the final stage at 30° C where ηE = 174 ±14 at Eps = 0.9 V (Table 5.2). 
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Energy efficiency relative to the substrate added (ηS) was higher at Eps = 0.9 V (Table 

5.2). The fraction of energy derived from the power source (eE) was larger at Eps = 0.9 

V but the contribution from the substrate (eS) was greater at Eps = 0.7 V (Table 5.2).  

 
Table 5.2. Energy recoveries and electrical and substrate efficiencies of AnEMBRs 
acclimated at different applied voltages 
 

Eps = 0.7 V 
Experimental 
stage 

ηE (%) ηS (%) ηE+S (%) eE (%) eS (%) 

30 days 165.5 ±37.8 99.1 ±24.6 61.5 ±14.4 37.5 ±3.7 62.5 ±3.7 
50 days 140.6 ±19.8 67.5 ±14.7 45.2 ±7.7 32.4 ±5.4 67.6 ±5.4 
80 days 
(30°C) 

139.9±17.4 73.4 ±8.8 48.4 ±5.6 34.6 ±1.6 65.4 ±1.6 

Eps = 0.9 V 
Experimental 
stage 

ηE (%) ηS (%) ηE+S (%) eE (%) eS (%) 

30 days 151 ±18.5 132 ±24 65.2 ±9.8 45.2 ±4.4 54.8 ±4.4 
50 days 142 ±23.4 79.1 ±20.9 49.9 ±8.7 35.6 ±6.8 64.5 ±6.8 
80 days 
(30°C) 

173.6 ±14.3 116.4 ±12.9 66.4 ±6.6 39.3 ±1.9 60.7 ±1.9 

 

5.3.4 Energy Balances  

Volumetric energy densities were calculated by normalizing net energy input to 1 m3 

of solution treated. Electricity consumed by the power source was by far the largest 

portion of the overall energy demand and energy for filtration was almost negligible. 

At points when the TMP was highest (day 60), the energy needed to filter the solution 

was 0.44 × 10–3 kWh/m3 (Eps = 0.7 V) and 0.24 × 10–3 kWh/m3 (Eps = 0.9 V) which 

was <0.1% of the energy consumed by the power source. This is substantially less 

than 0.0014 kWh/m3 recently reported for pumping permeate through the membranes 

in an anaerobic fluidized membrane bioreactor.4 However, the permeate flux in that 

study was higher (16 LMH) and the membranes had a pore size of 0.1 μm, one-tenth 

the average pore size of the graphene coated Ni-HFMs.  

AnEMBRs showed a net positive energy gain at both applied voltages over the 

course of the experiment (Table 5.3). A maximum energy recovery of 1.12 ±0.19 
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kWh/m3 at Eps = 0.7 V and 1.06 ±0.19 kWh/m3 at Eps = 0.9 V was achieved during the 

initial 30 days (Table 5.3). The gas recovered in this period contained mostly 

hydrogen (Figures 5.5 and 5.7). The energy content of the hydrogen was similar for 

both applied voltages (0.57 kJ) and represented an energy recovery of 0.96 kWh/m3. 

Assuming a hydrogen fuel cell efficiency of 83%,44 the maximum amount of 

electricity that could be produced from this hydrogen is 0.80 kWh/m3. This exceeds 

the electricity input to drive hydrogen evolution and filter the effluent by 16% at Eps = 

0.7 V (WE+F = 0.69 kWh/m3) and 14% at Eps = 0.9 V (WE+F = 0.70 kWh/m3), making 

the process fully energy positive during the initial stage of operation (Table 5.3).  

Table 5.3. Volumetric energy balance of AnEMBRs acclimated at different applied 
voltages 
 

Eps = 0.7 V 
Experimental stage WE+F 

(kWh/m3) 
Biogas 
(kWh/m3) 

Net energy 
(kWh/m3) 

30 days 0.69 ±0.06 1.12 ±0.19 0.44 ±0.23 
50 days 0.60 ±0.05 0.84 ±0.12 0.24 ±0.12 
80 days (30°C) 0.54 ±0.05 0.76 ± 0.11 0.22 ±0.10 
Eps = 0.9 V 
Experimental stage WE+F 

(kWh/m3) 
Biogas 
(kWh/m3) 

Net energy 
(kWh/m3) 

30 days 0.70 ±0.03 1.06 ±0.14 0.36 ±0.13 
50 days 0.62 ±0.07 0.87 ±0.10 0.25 ±0.11 
80 days (30°C) 0.71 ±0.05 1.23 ±0.12 0.52 ±0.10 

 

The composition of the recovered gas shifted from predominantly hydrogen 

(>80%) to a mixture of hydrogen and methane after 50 days of operation (Figures 5.5 

and 5.7). This presents a challenge to harnessing the recovered energy since the 

technologies for converting hydrogen and methane to electricity are different. The 

constituents of the gas would need to be separated using a gas separation stage prior 

to conversion to electricity. Gas separation would consume a part of the recovered 

energy but this is not the major limitation since even the hydrogen-rich stream would 

need to be purified to remove the residual CO2 before use in a fuel cell.45, 46 A gas 
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comprised of a mixture of H2 and CH4 results in less energy due to the low conversion 

efficiencies of methane combustion (33%).34 For example, after 50 days the methane 

fraction of the biogas was 68% (Eps = 0.7 V) and 25 % (Eps = 0.9 V) (Figure 5.5) with 

an energy mix of 0.16 kJ H2, 0.34 kJ CH4 (Eps = 0.7 V) and 0.23 kJ H2, 0.29 kJ CH4 

(Eps = 0.9 V) on average. Using conversion efficiencies of 83% for hydrogen and 33% 

for methane, the maximum electrical energy that could be recovered is 0.41 kWh/m3 

(Eps = 0.7 V) and 0.49 kWh/m3 (Eps = 0.9 V). These energy recoveries would be 

sufficient to satisfy 68% (Eps = 0.7 V) and 79% (Eps = 0.9 V) of the electrical input. 

During this period, the net process energy was therefore negative (energy 

demanding). However, these energy deficits of 0.19 kWh/m3 (Eps = 0.7 V) and 0.13 

kWh/m3 (Eps = 0.9 V) are still considerably less than conventional activated sludge 

processes (0.6 kWh/m3). 

Up to 31% (Eps = 0.7 V) and 14% (Eps = 0.9 V) of substrate electrons were 

unaccounted for in these systems (Appendix C). Incomplete recovery of gas may 

account for a portion of these electrons and the remainder may have been present as 

dissolved methane in solution. Release of methane dissolved in solution poses a risk 

to the environment and should be monitored in future AnEMBR studies.  

 

5.3.5 Permeate Water Quality  

Total acetate removal was >80% at both applied voltages except for the initial period 

at Eps = 0.9 V, where acetate removal was low (62%). The total suspended solids in 

the permeate was very low for both reactors (0.05 mg/L). This is substantially lower 

than the 17 mg/L measured in the previous study (Chapter 4). The pore size of the 

graphene Ni-HFM, as revealed by SEM, showed that the apparent pore size was 

similar to the Ni-HFM used previously (~1μm). The lower TSS may therefore be due 
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to the shorter HRTs and faster reaction times, which may have minimized the 

accumulation of cells in suspension. It would be difficult to predict the permeate 

quality for actual wastewaters since real domestic wastewaters have some TSS unlike 

the acetate solution used here. Improvements in membrane fabrication to reduce the 

pore size would help to improve permeate quality using these systems with actual 

wastewaters. 
 

5.4 Conclusions 

Biofouling of graphene coated Ni-HFMs was minimized when the AnEMBR was 

acclimated and operated at higher applied voltages. The increase in TMP correlated 

with methane production. Increasing the applied voltage for reactors at Eps = 0.7 V to 

0.9 V did not reduce the TMP as observed in the previous AnEMBR study (Chapter 

4). The operation of the AnEMBR was net energy positive when hydrogen gas was 

dominant in the recovered gas, but became net energy negative as the methane 

fraction of the recovered gas increased. Strategies to minimize methanogenesis and 

maximize hydrogen yields, similar to those discussed in Chapter 4, should be 

considered in future AnEMBR studies. These results provide valuable insights into 

the fouling of conductive HFMs in AnEMBRs operated at different applied voltages 

and will help in developing strategies to minimize biofouling in future AnEMBR 

studies. Further tests should be carried out to evaluate the effect of electrode surface 

chemistry on fouling in AnEMBRs by comparing bare and graphene coated Ni-HFMs 

under the same conditions.  
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ABSTRACT 

Microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) are two types of 

microbial electrochemical technologies (METs) that use bioelectrocatalysis to convert 

chemical energy in wastewaters into useful products such as electricity (MFC) or 

hydrogen gas (MEC). These two systems were evaluated for their capacity to 

attenuate trace organic compounds (TOrCs), commonly found in municipal 

wastewater, in closed circuit (current generation) and open circuit (no current) 

conditions using acetate as the carbon source. A biocide was used to evaluate 

attenuation in terms of biotransformation versus sorption. The difference in 

attenuation observed before and after addition of the biocide represented 

biotransformation, while attenuation after addition of a biocide indicated sorption. 

Attenuation of TOrCs was similar in MFCs and MECs for eight different chemicals, 

except for caffeine and trimethoprim where slightly higher attenuation was observed 

in MECs. Electric current generation did not enhance attenuation of the TOrCs except 

for caffeine, which showed slightly higher attenuation under closed circuit conditions 

in both MFCs and MECs. Substantial sorption of the TOrCs occurred to the biofilm-

covered electrodes, but no consistent trend could be identified regarding the physico-

chemical properties of the TOrCs tested and the extent of sorption. The octanol-water 

partition coefficient (Log D, pH 7.4) appeared to be a reasonable predictor for 

sorption of some of the hydrophobic compounds (carbamazepine, atrazine, TCEP and 

diphenhydramine) but not for others (DEET). Atenolol also showed high levels of 

sorption despite being the most hydrophilic in the suite of compounds studied (Log D 

= –1.99). Though METs do not show any inherent advantages over conventional 

wastewater treatment, overall removals of the TOrCs in METs are similar to that 

reported for conventional wastewater systems.  
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6.1. Introduction  

A number of different trace organic compounds (TOrCs) including pharmaceuticals, 

pesticides, insecticides, endocrine disrupting compounds, personal care products and 

flame retardants, have been detected in municipal wastewater effluents as well as in 

ground and surface waters around the world.1-7 The most common pathway for these 

compounds into the aquatic environment is through wastewater discharges due to 

incomplete removal by conventional biological wastewater treatment processes.8  

The increased attention given to the identification and quantification of TOrCs in 

wastewaters and water sources is due to the chronic toxicological risks they pose9, 10 

and their persistence through conventional potable water treatment systems.11 The 

incomplete removal of these compounds presents a challenge to the practice of water 

reclamation and reuse of treated municipal wastewater for non-potable (agricultural 

irrigation) or direct and indirect potable reuse applications.12-14  

Water reclamation and reuse provides a reliable and significant water source 

particularly for regions with water scarcity. The removal of these emerging 

compounds of concern from wastewaters is thus increasingly important. Removal of 

TOrCs from the aqueous phase of wastewaters can be attributed to microbial 

transformation (biotransformation), volatilization, or physical sorption to solids in the 

liquid stream.15 Volatilization is not likely to play a significant role in the attenuation 

of the majority of water soluble TOrCs due to their low vapor pressures. Effective 

removal of TOrCs requires advanced treatment technologies such as ozonation or 

membrane filtration16, 17 which can be costly and energy intensive. For this reason, 

novel wastewater treatment technologies to attenuate these emerging contaminants are 

needed. 
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Microbial electrochemical technology (MET) such as microbial fuel cells (MFCs) 

and microbial electrolysis cells (MECs) have been proposed as alternative wastewater 

treatment technologies as energy production with these systems can significantly 

reduce, or potentially offset, the specific energy consumption (kWh/m3) associated 

with conventional wastewater treatment processes. Biological oxidation of organics 

occurs at the anode electrode by bacteria that form a biofilm, with transfer of 

electrons from the microorganisms to the electrode surface. These electrons pass 

through an external electrical circuit to the cathode electrode where a reduction 

reaction occurs in order to sustain anodic oxidation. In an MFC, oxygen is reduced at 

the cathode,18 and in an MEC protons are reduced to form hydrogen gas with the 

addition of electrical energy.19 

There are limited reports on the use of MET for the attenuation or removal of 

TOrCs. Harnisch et al. reported the complete removal of the antibiotic 

sulfamethoxazole, a TOrC widely detected in wastewater effluents, using wastewater 

derived anodic biofilms in a MET fed with acetate at a fixed anode potential of 0.2 V 

(Ag/AgCl).20 Anodic biofilms are also known to be robust and can tolerate high 

concentrations (1000 μg/L) of potentially toxic compounds, such as sulfamethoxazole, 

without any noticeable deterioration in bioelectrocatalytic performance.21 Apart from 

the study by Harnisch et al., there is little information available to evaluate the 

attenuation of various TOrCs in MET. 

In this study, the attenuation of 10 TOrCs in MFCs and MECs operated at fixed 

anode potentials was investigated using five pharmaceuticals, two antibiotics, a flame 

retardant, a pesticide, and an insecticide. The term attenuation, as used here, included 

both biotransformation (complete or incomplete biodegradation) and sorption. While 

biotransformation represents elimination or transformation of the parent compound, 
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sorption can result in the retardation of its transport through reversible or irreversible 

binding to the organic matter or electrode material. The findings were compared to 

reports from the literature for TOrC removals in conventional biological wastewater 

treatment systems.  

 

6.2. Materials and methods 

6.2.1 Reactor design and operation 

Duplicate cube-shaped single-chamber MFC and MEC reactors, having an internal 

cylindrical liquid chamber (28 mL, 7 cm2 cross section), were constructed as 

previously described.22, 23 The anodes were graphite fiber brushes (25 mm diameter × 

25 mm length) with a titanium core (Mill-Rose, OH, USA) that were pre-treated at 

450° C in an oven for 30 min before inoculation. These brush anodes are estimated to 

have a very large surface area to volume ratio of 18200 m2 per m3 of brush volume.24  

Cathodes (projected surface area of 7cm2) were prepared from carbon cloth (30 

wt% wet proofing polymer, Fuel Cell Earth, MA, USA) with four PTFE diffusion 

layers and 0.5 mg-Pt/cm2.25 Reported current densities were normaliszed to the 

surface area of the cathode. The reactors were inoculated using a 5% inoculum of 

wastewater from the KAUST wastewater treatment plant and fed with sodium acetate 

(1 g/L) in a 80 mM bicarbonate buffer solution26 (NaHCO3, 6.71 g/L; NH4Cl, 0.31 

g/L; Na2HPO4, 0.05 g/L; 0.03 g/L Na2H2PO4·H2O) containing 10 mL/L trace vitamins 

and minerals solutions.27 The solution was sparged for at least one hour with a 

N2:CO2 (80:20) mix to neutralize the pH (final pH of 7.3 to 7.5) and remove dissolved 

oxygen.  

The reactors were operated under a fixed anode potential of –0.4 V (vs Ag/AgCl, 

or –0.2 versus a standard hydrogen electrode, SHE) using a potentiostat (VMP3, 
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BioLogic). This potential was selected as it is close to the oxidation potential of 

acetate (–0.28 V vs SHE under standard conditions and neutral pH).28 The anode was 

used as the working electrode and the cathode as the counter electrode. A reference 

electrode (Ag/AgCl, MF-2052, BASi) was positioned between the two electrodes and 

closest to the anode electrode. The potentiostat was operated using the EC-Lab 

V10.19 software application (BioLogic, Claix, France). All potentials are given here 

relative to Ag/AgCl. After the reactors had achieved reproducible performance with 

respect to current generation, the TOrC attenuation test was initiated. 

 

6.2.2 Preparation of TOrC solution 

The chemical structures of the compounds analyzed in this study are shown in Table 

6.1. A stock solution of TOrCs was prepared by dissolving the selected 10 compounds 

in pure methanol at a concentration of 1 mg/L. The structure and compound specific 

information is shown in Table 6.1. This stock solution was then concentrated to 250 

mg/L by drying under nitrogen. To prepare medium (250 mL) with a targeted final 

TOrC concentration of 50 μg/L for each compound, 50 μL of the medium was 

replaced with 50 μL of the stock solution.  
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Table 6.1. Chemical structure and characteristics of the selected TOrCs used in this study and their respective charged states estimated from the 
compound’s pKa relative to the experimental pH (8-8.5). 

Compound Structure Classification Log Kow 
a Log D  

(pH 7.4) a* 
pKa Charge state 

 
TCEP 
(tris(2-chloroethyl) 
phosphate) 

 

 
 
Flame retardant 
 

 
 
1.44 
 

 
 
0.48 

 
 
NA 

 
 
Neutral 

 
 
DEET  
(N,N-Diethyl-meta-
toluamide)  

 
 
Insecticide 

 
 
2.18 

 
 
1.96 

 
 
0.67b 
 

 
 
Neutral 

 
 
Carbamazepine 

 

 
 
Anticonvulsant 

 
 
2.45 

 
 
2.67 

 
 
14e 

 
 
Positive  

 
 
Atrazine 

 

 
 
Pesticide  

 
 
2.61 

 
 
1.54 

 
 
1.7c 

 
 
Neutral 
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Compound Structure Classification Log Kow 
a Log D  

(pH 7.4) a* 
pKa Charge state 

 
 
Caffeine 

 

 
 
Stimulant 

 
 
-0.07 

 
 
-0.13 

 
 
10.4c, 14d 

 
 
Positive  

 
 
Sulfamethoxazole 

 

 
 
Antibiotic 

 
 
0.89 

 
 
-0.32 

 
 
5.6d 

 
 
Negative 

 
 
Trimethoprim  

 

 
 
Antibiotic 

 
 
0.91 

 
 
0.67 

 
 
7.12c 

 
 
Neutral 

 
 
Atenolol  

 
 
Beta blocker 

 
 
0.16 

 
 
-1.99 

 
 
9.6c 

 
 
Positive  

 
 
Diphenhydramine 

 

 
 
Antihistamine  

 
 
3.27 

 
 
2.29 

 
 
8.98c 

 
 
Positive  



140 
 

 

Compound Structure Classification Log Kow 
a Log D  

(pH 7.4) a* 
pKa Charge state 

 
 
Primidone 

 

 
 
Anticonvulsant  

 
 
0.91b 

 
 
0.4 

 
 
11.5 

 
 
Positive  

 

a Chemspider.com, b Snyder et al., 200713, c SRC PhysProp Database, d Yangali-Quintanilla et al. 200929, e Scheytt et al., 2009.30 
* Log Kow is the octanol water partition coefficient which is a measure of the ratio of concentrations of a compound in octanol and water.31 Log D is 
the octanol water partition coefficient for a compound at a specified pH.32 
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6.2.3 Attenuation tests: feeding and sampling procedure  

Attenuation tests were conducted under closed and open circuit conditions. Chemicals 

were added once the MFCs and MECs had achieved reproducible performance, based 

on similar voltage profiles over at least 3 cycles. The cycle time for each of the 

reactors was the same (24 h). The feeding and sampling procedure was designed to 

allow the measurement of TOrCs at the start and end of a batch over successive 

cycles. A feed solution containing the TOrCs (50 μg/L of each compound) was added 

into the medium used in the first batch cycle, and a sample of this solution was taken 

at the end of the cycle for analysis. After the first attenuation test cycle, a 3 mL 

sample was taken from each reactor for analysis and 6 mL of a concentrated acetate 

solution (5.5 g/L) that did not contain TOrCs was added to each reactor. A glass tube 

fitted to the top of each reactor accommodated the extra volume during the sampling 

process. Following a short equilibration period (30 min) a 3 mL sample was taken for 

analysis. This procedure was repeated for the remaining four cycles of the attenuation 

test. Samples were filtered through 0.45 μm sterile syringe filters prior to analysis.  

 

6.2.4 Sorption test 

Sodium azide (NaN3, 6 mM) was used as a biocide to prevent biotransformation, and 

allow measurement of TOrC adsorption to the biofilm-covered electrodes. NaN3 acts 

as a proton conducting uncoupler by inhibiting the ATPase enzyme that is responsible 

for ATP synthesis,33 and at high concentrations it is toxic to bacteria. Tests using the 

biocide were conducted after the attenuation tests were completed. The same feeding 

and sampling procedure for the attenuation test was used, except a medium containing 

0.5 g/L sodium acetate was used to replace sampled volume to prevent the acetate 
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concentration from increasing to a level that would influence detection of TOrCs. The 

reactors were operated in open circuit mode for these experiments.  

 

6.2.5 Analyses 

Acetate concentrations were measured by HPLC (Accela system, Thermo Scientific) 

using an Aminex HPX-87H Ion Exclusion Column (Bio-Rad Laboratories, Hercules, 

CA). A 5 mM sulphuric acid solution was used as the mobile phase at a flow rate of 

0.55 mL/min. Acetate peaks were detected at 210 nm using a photodiode array 

detector. The pH of each sample was measured using a benchtop pH meter 

(Cyberscan 6000, Eutech Instruments) at the start and end of each cycle.  

TOrCs were analyzed by liquid chromatography coupled tandem mass 

spectrometry (LC-MS/MS) using an Agilent Technology 1260 Infinity Liquid 

Chromatography (LC) unit.5 The LC unit was comprised of a degasser, binary pump, 

autosampler and analytical column. A sample injection volume of 10 μL was used for 

all samples. The mobile phase used in the positive electrospray ionization (ESI) mode 

was 4 mM ammonium formate in water containing 0.1% formic acid (A) and 4 mM 

ammonium formate in methanol containing 0.1% formic acid (B). The mobile phases 

were supplied as a binary gradient at a flow rate of 800 μL/min as follows: 90% A 

kept for 0.5 min, then reduced to 50% at 0.51 min and decreased linearly to 5% at 8 

min. It was kept at 5% for 6 min and then increased to 90% A for an equilibration step 

of 4 min, giving a total run time of 18 min.  

In ESI negative mode, the mobile phase used was 2 mM ammonium acetate in 

water (A), and 2 mM ammonium acetate in methanol (B). The binary gradient 

delivering the mobile phases at a flow rate of 800 μL/min was programmed as 

follows: 90% A kept for 0.5 min, then dropped to 60% at 0.51 min and decreased 
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linearly to 5% at 8 min. It was held at 5% for 11 min and then increased linearly to 

90% A over a period of 3 min followed by a 4 min equilibration period at 90% A. The 

total sample run time was also 18 min.  

Mass spectrometry (MS) was performed using an AB SCIEX QTRAP 5500 mass 

spectrometer (Applied Biosystems, Foster City, CA). The ionization source used in 

the MS was limited to ESI, while optimum polarity used for each compound was 

selected based on previous work done by.34 Samples for LC-MS/MS were prepared as 

follows: 900 μL sample, 100 μL isotope solution and 1 μL sodium omidine solution. 

Samples were stored at 4 °C if not measured immediately.  

 

6.3. Results and Discussion 

6.3.1 Reactor performance  

The duplicate MEC reactors produced the same maximum current densities of 6.72 

±0.13 A/m2 and 6.73 ±0.22 A/m2 (cathode surface area; 7 cm2), while those produced 

by MFC reactors were reasonably similar (4.26 ±0.45 A/m2, and 3.59 ±0.29 A/m2) 

prior to the start of the TOrC attenuation tests (average ±S.D. for 3 cycles) (Figure 

6.1). The maximum current densities increased with each cycle in the TOrC 

attenuation tests (Figure 6.1) due to a build-up of salt in solution due to the addition of 

concentrated sodium acetate at the start of each cycle. The improved current profiles 

over successive cycles indicated that the presence of the trace organic compounds did 

not adversely affect the anodic microbial community. The maximum current densities 

returned to the pre-attenuation test levels when the full contents of the reactors were 

replaced with fresh medium.  

The acetate removal in MECs was 97% and in MFCs was 98%. The cycle 

duration was determined using the minimum current density measured for each 



144 
 

 

reactor which allowed for similar cycle durations. The coulombic efficiencies of the 

MECs were 69 % ±1 % and 42 % ±10 % for MFCs based on the change in acetate 

concentration over a cycle and coulombs transferred. The higher CE observed for 

MECs compared to MFCs was expected due to the lack of substrate loss to oxygen 

through the cathode. These coulombic efficiencies indicate that a relatively large 

fraction of the COD was removed by the non-exoelectrogenic microbial community. 

A recent study showed that most of the COD removal in MFCs occurs in the first nine 

hours of a batch cycle and when current densities are highest.35 The CE of MFCs 

increases at higher current densities as exoelectrogens outcompete heterotrophic 

bacteria for substrate thereby directing more substrate electrons to current.35 However, 

operating these systems beyond the point where most COD is removed would not 

result in improved energy recovery and highlights that a trade-off exists between 

maximum energy recovery and maximum COD removal. Due to the first-order 

relationship of COD degradation rates relative to COD concentration in closed or 

open circuit conditions, the rates of COD removal by non-exoelectrogens decreases at 

higher CEs.35  

The pH of the medium increased after the first cycle from 7.4 to approximately 

8.2 (MFCs) and 8.5 (MECs) (Table 6.2). The pH of subsequent cycles were in the 

range of 7.8 to 8.2 (MFCs) and 8.2 to 8.8 (MECs) (Table 6.2). An increase in pH in 

this range would not be expected to affect performance.36 
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Figure 6.1. Electric current generation in MFC and MEC reactors operated at a set anode 
potential of –0.4 V (Ag/AgCl). The blue arrow indicates the start of the TOrC attenuation test. 
Blue and green curves (higher maximum current densities) are MECs while red and orange 
curves (lower maximum current densities) are MFCs. The anomalous data shown in the third 
cycle for one of the MFCs was due to a faulty anode connection that was corrected.  
 

Table 6.2. Measured pH at the start and end of each batch cycle over the course of the 
attenuation test. 

Reactor Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 
Initial Final Initial Final Initial Final Initial Final Initial Final 

MFC 7.39 8.21 
±0.18 

8.10 
±0.4 

7.85 
±0.23 

7.87 
±0.02 

7.99 
±0.09 

7.82 
±0.14 

8.20 
±0.23 

7.88 
±0.02 

8.24 
±0.51 

MEC 7.39 8.49 
±0.39 

8.24 
±0.25 

8.47 
±0.36 

8.47 
±0.03 

8.64 
±0.32 

8.44 
±0.2 

8.82 
±0.14 

8.50 
±0.28 

8.44 
±0.11 

 

6.3.2 Attenuation of TOrCs in MFCs and MECs 

The selected TOrCs were sorted into several different bins based on their attenuation 

behavior. The criteria used for this binning process were: 1) dependence on mode of 

operation; 2) dependence on the presence of electric current and 3) effect of NaN3 

inhibition. Under the experimental conditions, the selected TOrCs were mostly neutral 

or positively charged except for sulfamethoxazole which was negatively charged 

(Table 6.1).  

The attenuation observed for each compound is discussed in the subsequent 

sections in terms of biotransformation and sorption, the two dominant processes for 

elimination of TOrCs in wastewater treatment processes.37  
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6.3.2.1 Bin 1: Caffeine 

Caffeine was binned independently as this was the only compound which showed that 

electric current increased levels of attenuation in both MFC and MEC reactors (Figure 

6.2). Attenuation in MFCs was 57 ±6% (current flowing) and 33 ±0.2% (no current) 

and 72 ±1% (current flowing) and 53 ±8% (no current) (Figure 6.2). Attenuation in 

the presence of NaN3 was 22 ±1% (MFCs) and 17 ±8% (MECs) (Figure 6.2). This 

observation suggests that the biotransformation of caffeine may be linked to anodic 

oxidation of acetate but additional studies would need to be conducted to confirm this.  

 

Figure 6.2. Attenuation behavior of caffeine in MFC and MEC reactors. 

 

Caffeine attenuation attributed to biotransformation was higher than most of the 

other TOrCs tested. Caffeine is usually well removed in aerobic wastewater treatment 

plants with removals of between 80 to 100% being reported.38-40 Caffeine is 

hydrophilic with a relatively low tendency to sorb to organic matter, and therefore 

biotransformation is considered to be the principle mechanism for removal in other 

systems.38 The attenuation of caffeine measured following NaN3 addition in this study 

demonstrated a relatively low tendency for sorption.  
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6.3.2.2 Bin 2: Carbamazepine, Atrazine, TCEP, DEET 

This second bin of compounds showed attenuation that was not dependent on mode of 

operation (MEC or MFC), the presence of electric current, and the NaN3 sorption test 

showed similar levels of attenuation in both MFC and MEC reactors. This bin was 

comprised of carbamazepine, atrazine, TCEP and DEET (Figure 6.3). 

Carbamazepine, an anticonvulsant drug that is ubiquitously present in wastewater 

influents and effluents, was well removed in both MFCs and MECs with overall 

attenuation of the parent compound >80% in closed or open circuit conditions (Figure 

6.3A). Up to 60% of the initial concentration was still removed after addition of 

NaN3. By difference, this indicated that ~20% was biologically degraded in the 

reactors with actively respiring biofilms (Figure 6.3A), and that sorption was 

responsible for the bulk of the removal. Carbamazepine is resistant to biodegradation 

in most conventional biological treatment systems, with removals rarely exceeding 

10% of the initial concentration.41, 42 It is also considered to have a low tendency for 

sorption to sludge.42-44 For these reasons, carbamazepine has been proposed as an 

anthropogenic marker compound for the aquatic environment.45 

The observed attenuation of carbamazepine in this study is higher than reports for 

conventional wastewater treatment in literature particularly regarding sorption. 

Carbamazepine is hydrophobic and has a high log D of 2.67 (octanol-water partition 

coefficient at pH 7.4) (Table 6.1). Considering its high pKa of 14, hydrophobic 

sorption is likely and has previously been reported to be the dominant mechanism for 

attenuation of carbamazepine in sandy sediments.30 Hydrophobic sorption is proposed 

as the dominant mechanism for the sorption of carbamazepine observed in this study. 
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The higher sorption of carbamazepine shown in this study as compared to sorption to 

activated sludge may be due to the relatively large surface area of the anode electrode.  

 

 

 

Figure 6.3. Attenuation of (A) carbamazepine, (B) atrazine, (C) TCEP and (D) DEET in MFC 
and MEC reactors. The first bar represents attenuation in closed circuit operation, the second 
represents open circuit conditions and the third represents attenuation after addition of sodium 
azide. 
 

Atrazine showed similar attenuation (74-85%) in MFCs and MECs under closed 

and open circuit conditions (Figure 6.3B). Attenuation in the presence of NaN3 was 

approximately 60% for MFCs and MECs, so biotransformation was around 15-25%. 

Previous reports have demonstrated that atrazine was not well removed in an activated 

sludge pilot plant.46 However, enhanced removals of atrazine (>90%) have been 

A B 

C D 
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reported using genetically modified organisms in an MBR treating domestic 

wastewater spiked with atrazine.47  

The insecticide DEET was attenuated by 28 ±0.4% in MFCs, and 39 ±0.8% in 

MECs with current generation, but there was, slightly higher attenuation of 43 ±6% 

(MFCs) and 51 ±7% (MECs) under open circuit conditions, (Figure 6.3C). Higher 

removal without current was surprising, and suggests that the non-exoelectrogenic 

community present in these systems contributed to the attenuation of DEET. Based on 

NaN3 tests, 30% (MFCs) and 33% (MECs) of the attenuation can be attributed to 

sorption to the biofilm (Figure 6.3C), which shows that sorption was responsible for 

the bulk of the overall attenuation. The limited biotransformation of DEET in both 

MFCs and MECs is unexpected since previous studies have shown DEET to be 

biodegradable in conventional wastewater treatment processes16, 40 with removals 

reaching 80%.40 The low levels of biotransformation are likely due to growth of 

microorganisms here that are unable to degrade it versus those that develop in CAS.  

The flame retardant TCEP, a chlorinated organosphosphate, was attenuated by 51 

±4% (current flowing) and 76  ±3% (no current) in MFCs (Figure 6.3D). In MECs, 

this compound was attenuated by 74 ±3% (current flowing) and 67 ±3% (no current) 

(Figure 6.3D). An opposing trend of attenuation under closed and open circuit 

conditions can be observed in MFCs and MECs which could be due to different 

microbial communities. The higher attenuation observed in MFCs under open circuit 

conditions is not considered to be enhanced attenuation. In the presence of NaN3 the 

attenuation of TCEP was approximately 25% in both MFCs and MECs (Figure 6.3D). 

TCEP has been reported to be difficult to attenuate in wastewater treatment plants 

with reports of zero48 to 42% elimination49 in activated sludge systems. MFCs and 

MECs showed higher attenuation of this compound than is reported for conventional 
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treatment. There is general agreement between the observed sorption and Log D 

values for carbamazepine, atrazine and TCEP but not DEET (Figure D1, Appendix 

D). DEET has a slightly higher Log D (1.54) than TCEP (0.48) but the sorption rates 

were similar. In conventional activated sludge (CAS), sorption can be considered as a 

removal mechanism since the biosolids are continuously wasted. In a MFC or MEC 

the solids retention time (SRT) is essentially infinite since the bacteria form a biofilm 

at the anode.  

6.3.2.3 Bin 3: Trimethoprim and sulfamethoxazole 

Trimethoprim and sulfamethoxazole were binned together as their attenutation was 

dependent on mode of operation (MFC or MEC) but independent of current 

generation and NaN3 was only effective under aerobic conditions. Trimethoprim 

showed relatively good attenuation in MFCs under closed (70 ±9%) and open circuit 

(84 ±5%) conditions (Figure 6.4A). Attenuation in MECs was similar under both 

operating conditions (approx. 90%) and was higher than observed in the MFCs 

(Figure 6.4A). Reports on the biodegradation of trimethoprim show that this 

compound is not easily removed in conventional biological systems. Perez et al. and 

Gobel et al. showed no removal of trimethoprim in CAS, but Perez et al. found 

complete removal under nitrifying conditions.39, 50  

Sulfamethoxazole was completely attenuated in MECs with and without current 

and in MFCs with current (Figure 6.4 B). Attenuation in MFCs without current 

reached 86 ±0.3% (Figure 6.4B). Sulfamethoxazole is considered to be more 

amenable to biodegradation than trimethoprim in activated sludge systems39, 50 and 

trace concentrations (6 μg/mL) have been shown to be completely removed in MET.20 

Harnisch et al. also showed, by analyzing the sulfamethoxazole N4-acetyl metabolite, 



151 
 

 

that the removal of sulfamethoxazole in MET did not proceed via reformation of the 

parent compound.20 

The attenuation of trimethoprim due to sorption, based on the procedures used 

here, was 60% in MFCs and almost 90% in MECs (Figure 6.4A). A similar trend was 

observed for sulfamethoxazole, but 100% attenuation was observed in the presence of 

NaN3 (Figure 6.4B). The reason for the complete attenuation in the presence of the 

biocide is not clear. It may be that NaN3 was simply not effective at inhibiting the 

metabolism responsible for attenuation of these two compounds. It is unlikely that 

sorption was responsible for all of the observed attenuation, particularly for 

sulfamethoxazole, since this compound is relatively hydrophilic under the 

experimental conditions, has a low tendency for sorption and is known to be 

biodegradable. 

 

 

Figure 6.4. Attenuation of (A) trimethoprim and (B) sulfamethoxazole was higher in MECs 
compared to MFCs.  
 

Although the anode potential can be fixed to the same value in MFCs and MECs, 

the redox conditions within these two types of systems can be different. Due to 

oxygen diffusion through the open air cathode, dissolved oxygen in single chamber 

A B 
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MFCs can reach near saturation levels of (6 mg/L).51 Oxygen is minimized in an 

MEC by sealing the cathode from the atmosphere, and therefore the redox conditions 

are expected to be more anaerobic than MFCs.  

 

6.3.2.4 Bin 4: Atenolol and diphenhydramine 

The beta blocker atenolol and the antihistamine diphenhydramine were binned 

together since NaN3 showed no effect in MFCs and MECs. The attenuation of these 

two compounds was similar in both MFCs and MECs under closed and open circuit 

conditions and exceeded 80% in all cases (Figure 6.5 A and B). Atenolol has been 

reported to be poorly removed with removal efficiencies of 10-55% reported in 

activated sludge treatment systems.52 Diphenhydramine has been shown to be 

removed by up to 68% in conventional municipal treatment but with significant 

variability (±40%).53  

A high attenuation when NaN3 was added was unexpected for atenolol, as it is 

highly hydrophilic (log D = –1.99, Table 6.1). Hydrophobic interactions, absorption 

of the aliphatic and aromatic groups of a compound with the lipophilic cell membrane 

of the microorganisms,37 of this chemical with the biofilm would likely be limited and 

the bulk of the compound would be expected to remain in solution. Diphenhydramine 

is the most hydrophobic compound of all the selected TOrCs in this study, and thus 

hydrophobic interactions would be expected to dominate. Du et al. showed that 

removal of diphenhydramine increased from 20% in the effluent of an aerobic 

treatment system to 99% when this system was linked to a constructed wetland.53 
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Figure 6.5. Attenuation of (A) atenolol and (B) diphenhydramine was similar in both MECs 
and MFCs. 

 

6.3.2.5 Bin 5: Primidone 

The behavior of primidone was unique amongst all of the compounds as it showed 

limited attenuation under all experimental conditions (Figure 6.6). The low 

attenuation of primidone in MFCs and MECs demonstrated that they have little 

capacity to remove this compound. The attenuation attributed to sorption is also low 

and likely due to some ionic interaction rather than hydrophobic interactions due to a 

relatively low Log D of 0.4. This finding is not unexpected, however, as primidone is 

often used as a tracer compound to follow transport of wastewater components 

potable water supplies54, 55 and subsurface systems.56 However,  30 – 50% of 

primidone was removed in an activated sludge treatment process.44 The removal was 

attributed to biodegradation since there was no significant difference between the 

sorbed fraction in the sludge and soluble fraction. In contrast, batch experiments using 

sludge from the same plant showed no significant removal of primidone over 48 

hours. The authors concluded that the sludge may have lost its ability to transform 

primidone.  

 

A B 
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Figure 6.6. Attenuation of primidone was limited under all conditions tested. 

 

6.4. Conclusions 

There was considerable sorption of several chemicals to the biofilm-based systems, 

with enhanced biotransformation observed for some of the compounds. However, no 

clear trend between the physico-chemical properties of the compounds and their 

attenuation in METs was observed. Caffeine and sulfamethoxazole showed high 

levels of biotransformation relative to the other TOrCs tested, consistent with reports 

in the literature for other types of biological wastewater treatment systems. However, 

TCEP was also relatively well biotransformed which has not been observed in these 

other treatment systems. Based on the redox conditions of MFCs and MECs, the order 

for biotransformability of the compounds as determined in these tests is as follows: 

caffeine > sulfamethoxazole > TCEP > carbamazepine > atrazine > trimethoprim > 

DEET for MFCs; and sulfamethoxazole > caffeine > TCEP > trimethoprim > 

carbamazepine > atrazine > DEET for MECs. Atenolol, diphenhydramine and 

primidone showed no measurable biotransformation. Primidone was not well 

attenuated under any of the conditions tested, which supports its use as a tracer 
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compound to assess the water quality of wastewater impacted sources. METs showed 

comparable rates of attenuation as compared to conventional wastewater treatment, 

but a multi-barrier approach, such as MET followed by membrane treatment, 

ozonation (could also be used as a pre-treatment) or other advanced treatment would 

be needed for improved removals of TOrCs prior to water reuse applications. 

Considering the trade-off that exists between maximum energy recovery and overall 

COD removal it would make sense to operate METs to optimize the efficiency of 

energy recovery rather than to achieve complete COD removal. High current densities 

would enable more efficient energy recovery, decrease the rate of COD removal by 

non-exoelectrogenic microorgansims and shorten the HRT. The decreased rate of 

removal by heterotrophs and shorter HRTs may likely have an impact on overall 

TOrC attenuation as the results from these findings indicate that the non-

exoelectrogenic community plays a role in the removal of these compounds. In this 

case a second treatment step, such as incorporating membrane separation within the 

process as proposed in chapters 3, 4 and 5 or an anaerobic fluidized membrane 

bioreactor57 would be required as an additional barrier for the attenuation of TOrCs. 

  



156 
 

 

References 

1. Daughton, C. G.; Ternes, T. A., Pharmaceuticals and personal care products in 
the environment: Agents of subtle change? Environ. Health Persp. 1999, 907-938. 
2. Hirsch, R.; Ternes, T.; Haberer, K.; Kratz, K.-L., Occurrence of antibiotics in 
the aquatic environment. Sci. Total Environ. 1999, 225, (1–2), 109-118. 
3. Snyder, S. A.; Westerhoff, P.; Yoon, Y.; Sedlak, D. L., Pharmaceuticals, 
personal care products, and endocrine disruptors in water: implications for the water 
industry. Environ. Eng. Sci. 2003, 20, (5), 449-469. 
4. Benotti, M.; Trenholm, R.; Vanderford, B.; Holady, J.; Stanford, B.; Snyder, 
S., Pharmaceuticals and endocrine disrupting compounds in US drinking water. 
Environ. Sci. Technol. 2008, 43, (3), 597-603. 
5. Alidina, M.; Hoppe-Jones, C.; Yoon, M.; Hamadeh, A. F.; Li, D.; Drewes, J. 
E., The occurrence of emerging trace organic chemicals in wastewater effluents in 
Saudi Arabia. Sci. Total Environ. 2014, 478, 152-162. 
6. Fries, E.; Püttmann, W., Monitoring of the three organophosphate esters TBP, 
TCEP and TBEP in river water and ground water (Oder, Germany). J. Environ. 
Monitor. 2003, 5, (2), 346-352. 
7. Fatta-Kassinos, D.; Meric, S.; Nikolaou, A., Pharmaceutical residues in 
environmental waters and wastewater: current state of knowledge and future research. 
Anal Bioanal Chem 2011, 399, (1), 251-275. 
8. Glassmeyer, S. T.; Furlong, E. T.; Kolpin, D. W.; Cahill, J. D.; Zaugg, S. D.; 
Werner, S. L.; Meyer, M. T.; Kryak, D. D., Transport of Chemical and Microbial 
Compounds from Known Wastewater Discharges:  Potential for Use as Indicators of 
Human Fecal Contamination. Environ. Sci. Technol. 2005, 39, (14), 5157-5169. 
9. Batt, A. L.; Bruce, I. B.; Aga, D. S., Evaluating the vulnerability of surface 
waters to antibiotic contamination from varying wastewater treatment plant 
discharges. Environ. Pollut. 2006, 142, (2), 295-302. 
10. Quinn, B.; Gagné, F.; Blaise, C., An investigation into the acute and chronic 
toxicity of eleven pharmaceuticals (and their solvents) found in wastewater effluent 
on the cnidarian, Hydra attenuata. Sci. Total Environ. 2008, 389, (2–3), 306-314. 
11. Stackelberg, P. E.; Furlong, E. T.; Meyer, M. T.; Zaugg, S. D.; Henderson, A. 
K.; Reissman, D. B., Persistence of pharmaceutical compounds and other organic 
wastewater contaminants in a conventional drinking-water-treatment plant. Sci. Total 
Environ. 2004, 329, (1–3), 99-113. 
12. Levine, A. D.; Asano, T., Peer Reviewed: Recovering Sustainable Water from 
Wastewater. Environ. Sci. Technol. 2004, 38, (11), 201A-208A. 
13. Snyder, S. A.; Adham, S.; Redding, A. M.; Cannon, F. S.; DeCarolis, J.; 
Oppenheimer, J.; Wert, E. C.; Yoon, Y., Role of membranes and activated carbon in 
the removal of endocrine disruptors and pharmaceuticals. Desalination 2007, 202, (1), 
156-181. 
14. Drewes, J. E.; Bellona, C.; Oedekoven, M.; Xu, P.; Kim, T.-U.; Amy, G., 
Rejection of wastewater-derived micropollutants in high-pressure membrane 
applications leading to indirect potable reuse. Environ. Prog. 2005, 24, (4), 400-409. 
15. Hyland, K. C.; Dickenson, E. R. V.; Drewes, J. E.; Higgins, C. P., Sorption of 
ionized and neutral emerging trace organic compounds onto activated sludge from 
different wastewater treatment configurations. Water Res. 2012, 46, (6), 1958-1968. 



157 
 

 

16. Sui, Q.; Huang, J.; Deng, S.; Yu, G.; Fan, Q., Occurrence and removal of 
pharmaceuticals, caffeine and DEET in wastewater treatment plants of Beijing, China. 
Water Res. 2010, 44, (2), 417-426. 
17. Drewes, J.; Heberer, T.; Reddersen, K., Fate of pharmaceuticals during 
indirect potable reuse. Water Sci. Technol. 2002, 46, (3), 73-80. 
18. Logan, B. E.; Aelterman, P.; Hamelers, B.; Rozendal, R.; Schröder, U.; Keller, 
J.; Freguia, S.; Verstraete, W.; Rabaey, K., Microbial fuel cells: Methodology and 
technology. Environ. Sci. Technol. 2006, 40, (17), 5181-5192. 
19. Logan, B. E.; Call, D.; Cheng, S.; Hamelers, H. V. M.; Sleutels, T. H. J. A.; 
Jeremiasse, A. W.; Rozendal, R. A., Microbial electrolysis cells for high yield 
hydrogen gas production from organic matter. Environ. Sci. Technol. 2008, 42, (23), 
8630-8640. 
20. Harnisch, F.; Gimkiewicz, C.; Bogunovic, B.; Kreuzig, R.; Schröder, U., On 
the removal of sulfonamides using microbial bioelectrochemical systems. 
Electrochem. Commun. 2013, 26, 77-80. 
21. Patil, S.; Harnisch, F.; Schröder, U., Toxicity Response of Electroactive 
Microbial Biofilms—A Decisive Feature for Potential Biosensor and Power Source 
Applications. ChemPhysChem 2010, 11, 2834-2837. 
22. Liu, H.; Logan, B. E., Electricity generation using an air-cathode single 
chamber microbial fuel cell in the presence and absence of a proton exchange 
membrane. Environ. Sci. Technol. 2004, 38, (14), 4040-4046. 
23. Call, D.; Logan, B. E., Hydrogen production in a single chamber microbial 
electrolysis cell lacking a membrane. Environ. Sci. Technol. 2008, 42, (9), 3401-3406. 
24. Logan, B. E.; Cheng, S.; Watson, V.; Estadt, G., Graphite fiber brush anodes 
for increased power production in air-cathode microbial fuel cells. Environ. Sci. 
Technol. 2007, 41, (9), 3341-3346. 
25. Cheng, S.; Liu, H.; Logan, B. E., Power densities using different cathode 
catalysts (Pt and CoTMPP) and polymer binders (Nafion and PTFE) in single 
chamber microbial fuel cells. Environ. Sci. Technol. 2006, 40, 364-369. 
26. Ambler, J. R.; Logan, B. E., Evaluation of stainless steel cathodes and a 
bicarbonate buffer for hydrogen production in microbial electrolysis cells using a new 
method for measuring gas production. Int. J. Hydrogen Energ. 2011, 36, (1), 160-166. 
27. Balch, W.; Fox, G.; Magrum, L.; Woese, C.; Wolfe, R., Methanogens: 
reevaluation of a unique biological group. Microbiol. Mol. Bio. R. 1979, 43, (2), 260. 
28. Rabaey, K.; Rozendal, R. A., Microbial electrosynthesis—revisiting the 
electrical route for microbial production. Nat. Rev. Microbiol. 2010, 8, (10), 706-716. 
29. Yangali-Quintanilla, V.; Sadmani, A.; McConville, M.; Kennedy, M.; Amy, 
G., Rejection of pharmaceutically active compounds and endocrine disrupting 
compounds by clean and fouled nanofiltration membranes. Water Res. 2009, 43, (9), 
2349-2362. 
30. Scheytt, T.; Mersmann, P.; Lindstädt, R.; Heberer, T., Determination of 
sorption coefficients of pharmaceutically active substances carbamazepine, 
diclofenac, and ibuprofen, in sandy sediments. Chemosphere 2005, 60, (2), 245-253. 
31. Schwarzenbach, R. P.; Gschwend, P. M.; Imboden, D. M.; Wiley, J., 
Environmental organic chemistry. Wiley Online Library: 2003. 
32. Carballa, M.; Fink, G.; Omil, F.; Lema, J. M.; Ternes, T., Determination of the 
solid–water distribution coefficient (Kd) for pharmaceuticals, estrogens and musk 
fragrances in digested sludge. Water Res. 2008, 42, (1–2), 287-295. 



158 
 

 

33. Kobayashi, H.; Maeda, M.; Anraku, Y., Membrane-bound adenosine 
triphosphatase of Escherichia coli III. Effects of sodium azide on the enzyme 
functions. J. Biochem. 1977, 81, (4), 1071-1077. 
34. Teerlink, J.; Hering, A. S.; Higgins, C. P.; Drewes, J. E., Variability of trace 
organic chemical concentrations in raw wastewater at three distinct sewershed scales. 
Water Res. 2012, 46, (10), 3261-3271. 
35. Ren, L.; Zhang, X.; He, W.; Logan, B. E., High current densities enable 
exoelectrogens to outcompete aerobic heterotrophs for substrate. Biotechnol. Bioeng. 
2014, doi 10.1002/bit.25290. 
36. He, Z.; Huang, Y.; Manohar, A. K.; Mansfeld, F., Effect of electrolyte pH on 
the rate of the anodic and cathodic reactions in an air-cathode microbial fuel cell. 
Bioelectrochemistry 2008, 74, (1), 78-82. 
37. Ternes, T.; Joss, A.; Siegrist, H., Peer Reviewed: Scrutinizing Pharmaceuticals 
and Personal Care Products in Wastewater Treatment. Environ. Sci. Technol. 2004, 
38, (20), 392A-399A. 
38. Buerge, I. J.; Poiger, T.; Müller, M. D.; Buser, H.-R., Caffeine, an 
Anthropogenic Marker for Wastewater Contamination of Surface Waters. Environ. 
Sci. Technol. 2003, 37, (4), 691-700. 
39. Pérez, S.; Eichhorn, P.; Aga, D. S., Evaluating the biodegradability of 
sulfamethazine, sulfamethoxazole, sulfathiazole, and trimethoprim at different stages 
of sewage treatment. Environ. Toxicol. Chem. 2005, 24, (6), 1361-1367. 
40. Okuda, T.; Kobayashi, Y.; Nagao, R.; Yamashita, N.; Tanaka, H.; Tanaka, S.; 
Fujii, S.; Konishi, C.; Houwa, I., Removal efficiency of 66 pharmaceuticals during 
wastewater treatment process in Japan. Water Sci. Technol. 2008, 57, (1), 65-71. 
41. Zhang, Y.; Geißen, S.-U.; Gal, C., Carbamazepine and diclofenac: Removal in 
wastewater treatment plants and occurrence in water bodies. Chemosphere 2008, 73, 
(8), 1151-1161. 
42. Joss, A.; Keller, E.; Alder, A. C.; Göbel, A.; McArdell, C. S.; Ternes, T.; 
Siegrist, H., Removal of pharmaceuticals and fragrances in biological wastewater 
treatment. Water Res. 2005, 39, (14), 3139-3152. 
43. Ternes, T. A.; Herrmann, N.; Bonerz, M.; Knacker, T.; Siegrist, H.; Joss, A., 
A rapid method to measure the solid–water distribution coefficient (Kd) for 
pharmaceuticals and musk fragrances in sewage sludge. Water Res. 2004, 38, (19), 
4075-4084. 
44. Wick, A.; Fink, G.; Joss, A.; Siegrist, H.; Ternes, T. A., Fate of beta blockers 
and psycho-active drugs in conventional wastewater treatment. Water Res. 2009, 43, 
(4), 1060-1074. 
45. Clara, M.; Strenn, B.; Kreuzinger, N., Carbamazepine as a possible 
anthropogenic marker in the aquatic environment: investigations on the behaviour of 
Carbamazepine in wastewater treatment and during groundwater infiltration. Water 
Res. 2004, 38, (4), 947-954. 
46. Monteith, H. D.; Parker, W. J.; Bell, J. P.; Melcer, H., Modeling the fate of 
pesticides in municipal wastewater treatment. Water Environ. Res. 1995, 67, (6), 964-
970. 
47. Liu, C.; Huang, X.; Wang, H., Start-up of a membrane bioreactor 
bioaugmented with genetically engineered microorganism for enhanced treatment of 
atrazine containing wastewater. Desalination 2008, 231, (1–3), 12-19. 
48. Meyer, J.; Bester, K., Organophosphate flame retardants and plasticisers in 
wastewater treatment plants. J. Environ. Monitor. 2004, 6, (7), 599-605. 



159 
 

 

49. Bernhard, M.; Müller, J.; Knepper, T. P., Biodegradation of persistent polar 
pollutants in wastewater: Comparison of an optimised lab-scale membrane bioreactor 
and activated sludge treatment. Water Res. 2006, 40, (18), 3419-3428. 
50. Göbel, A.; McArdell, C. S.; Joss, A.; Siegrist, H.; Giger, W., Fate of 
sulfonamides, macrolides, and trimethoprim in different wastewater treatment 
technologies. Sci. Total Environ. 2007, 372, (2–3), 361-371. 
51. Qu, Y.; Feng, Y.; Wang, X.; Logan, B. E., Use of a Coculture To Enable 
Current Production by Geobacter sulfurreducens. Appl. Environ. Microbiol. 2012, 78, 
(9), 3484-3487. 
52. Castiglioni, S.; Bagnati, R.; Fanelli, R.; Pomati, F.; Calamari, D.; Zuccato, E., 
Removal of pharmaceuticals in sewage treatment plants in Italy. Environ. Sci. Technol 
2006, 40, (1), 357-363. 
53. Du, B.; Price, A. E.; Scott, W. C.; Kristofco, L. A.; Ramirez, A. J.; Chambliss, 
C. K.; Yelderman, J. C.; Brooks, B. W., Comparison of contaminants of emerging 
concern removal, discharge, and water quality hazards among centralized and on-site 
wastewater treatment system effluents receiving common wastewater influent. Sci. 
Total Environ. 2014, 466–467, 976-984. 
54. Krasner, S. W.; Pastor, S. J.; Garcia, E. A. In Measurement of the 
pharmaceutical primidone as a conservative tracer of wastewater influences in 
drinking water supplies, 2006 AWWA Water Quality Technology Conference and 
Exposition Proceedings, AWWA, Denver, CO, USA, 2006; AWWA, Denver, CO, 
USA, 2006. 
55. Chen, B.; Nam, S.-N.; Westerhoff, P. K.; Krasner, S. W.; Amy, G., Fate of 
effluent organic matter and DBP precursors in an effluent-dominated river: A case 
study of wastewater impact on downstream water quality. Water Res. 2009, 43, (6), 
1755-1765. 
56. Hoppe-Jones, C.; Oldham, G.; Drewes, J. E., Attenuation of total organic 
carbon and unregulated trace organic chemicals in U.S. riverbank filtration systems. 
Water Res. 2010, 44, (15), 4643-4659. 
57. Ren, L.; Ahn, Y.; Logan, B. E., A two-stage microbial fuel cell and anaerobic 
fluidized bed membrane bioreactor (MFC-AFMBR) system for effective domestic 
wastewater treatment. Environ. Sci. Technol. 2014, 48, (7), 4199-4206. 

 

 



160 
 

 

 

Chapter 7 
 

General conclusions 
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Microbial electrochemical technologies (METs) offer a unique opportunity to provide 

renewable energy and to maximize resource recovery from wastewater sources. The work 

presented in this thesis focuses on approaches to integrate METs with membrane-based 

water and wastewater treatment technologies that could be further explored to achieve 

energy neutral wastewater treatment and water reclamation and reuse with different 

membrane types and configurations. Achieving and maintaining suitable effluent water 

quality that meets increasingly stringent regulations for discharge and reuse pose 

additional challenges to the acceptance and eventual application of new technologies for 

wastewater treatment. To address this, a study was carried out to evaluate the attenuation 

of TOrCs in MFCs and MECs and determine their feasibility for removing these 

compounds from solution. 

The microbial osmotic fuel cell (MOFC) presented in Chapter 2 demonstrated an 

approach to recover energy and partially desalinate saltwater by integrating forward 

osmosis (FO) with a MFC. The design reported here incorporated an air cathode which 

was an improvement on previous designs as it eliminated the requirement for aeration of 

the cathode. A significant benefit of the MOFC was the partial desalination of saltwater, 

which would reduce energy demands for a low pressure reverse osmosis treatment of the 

diluted stream (Figure 7.1). The energy consumption of FO coupled to low pressure 

reverse osmosis (LPRO) has been reported to be as low as 1.3-1.5 kWh/m3,1 substantially 

lower than current energy demands of RO (3-4 kWh/m3).2, 3 The low-salt concentrate 

from the LPRO could either be directed back to the cathode of the MOFC in a closed-

loop approach or discharged back to the sea by operating as a single pass (Figure 7.1). 

The closed-loop approach would be essential if such a system was implemented at a 
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location with no access to the sea and would require an alternative draw solution that 

could be regenerated such as ammonium bicarbonate.4 

The treated wastewater could be used for agricultural purposes or within natural 

systems for aquifer recharge (Figure 7.1). 

 

Figure 7.1. Schematic representation of the operation of the MOFC and uses for the treated 
wastewater and low salt concentrate from the LPRO system. 

 

The MOFC approach is useful as it overcomes, to some extent, the challenge of “pH 

splitting”, a term used to describe the decrease in pH of the anode chamber and increase 

in pH of the cathode chamber that occurs in MET. These pH gradients are a result of the 

accumulation of H+ ions in the anode following anodic oxidation and accumulation of 

OH– ions in the cathode due to the ORR when the anode and cathode electrodes are 

separated by ion exchange membranes. The accumulation of these ions is a result of 

charge balancing dominated by other ions in solution, such as Na+, K+ or PO4
–, which are 
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usually present at much higher concentrations than H+, and thus these chemical species 

can contribute significantly to maintaining charge neutrality. The pH gradient across the 

membrane can account for the largest potential loss of the system.5 The FO membrane 

facilitates the transport of H+ ions across the membrane due to the transport of water 

across the membrane and minimizes the losses associated with a pH gradient. The use of 

a highly conductive saline catholyte has the added advantage of minimizing ohmic 

resistances. Saline catholytes have been shown to improve CE  in two chamber MFCs 

using AEMs compared to systems operated with 50 mM PBS catholytes.6 Three 

challenges still need to be addressed in future research on MOFC systems including, 

fouling, the reverse permeation of salts from the saltwater in the cathode to the anode, 

and crossover of organics from the anode to the cathode. These challenges are universal 

to membrane based water treatment processes and can be addressed, in part, by 

improvements in membrane design and fabrication. The ideal characteristics of FO 

membranes for wastewater applications are:7 1) a dense and extremely thin active 

separating layer for better solute rejection; 2) an open, thin hydrophilic support layer to 

minimize internal concentration polarization (dilution of the draw solution within the 

support layer that reduces the effective osmotic gradient across the membrane) that has 

high mechanical stability to sustain long-term operation; 3) increased hydrophilicity to 

enhance water flux and minimize fouling.  

A number of recent studies have reported developments in the design of thin-film 

composite (TFC) membranes with improved hydrophilicity as compared with first 

generation commercial FO membranes.8-14 TFC membranes have thin support layers that 

minimize internal concentration polarization and potentially reduce fouling. TFC 
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membranes can also be tailored more easily to incorporate specific benefits15 and have 

also been prepared as inorganic membranes to improve mechanical stability and reduce 

internal concentration polarization effects.16 

Fouling on the feed side of the membrane will likely be more pronounced when using 

wastewaters as the feed due to the presence of natural organic matter (NOM) and 

inorganic matter, as well as microorganisms and their associated extracellular polymeric 

substances. A study using wastewater as the feed solution showed that fouling did occur 

but was reversible in short term experiments.17 Studies using secondary wastewater 

effluent showed that NOM contributed a large fraction of the fouling layer but that most 

of this fouling was reversible following cleaning using air scouring.18 However, air 

scouring would only be a viable option for MOFCs if this was done offline so that the 

bioanode was not exposed to oxygen for prolonged periods of time. It is acknowledged 

that a better understanding of fouling phenomena for wastewater applications and the 

behavior of wastewater foulants needs to be researched more thoroughly to create more 

representative models for predicting FO performance and identifying opportunities for 

more effective tailoring of FO membranes.7  

Reverse salt permeation is the transport of solutes from the draw to the feed and it 

reduces water flux due to a decrease in the osmotic gradient across the membrane. The 

reverse permeation of solutes is governed by the chemical potential gradient across the 

membrane:19  

               Js = BΔc  (7.1) 

where B is the membrane permeability constant and Δc is the concentration difference 

across the membrane. As shown in equation 7.1, the reverse salt permeation or salt 
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leakage is dependent on membrane and process parameters. The solute permeability 

constant (B) is dependent on the solute diffusion coefficient and the effective membrane 

thickness.7 The relationship between reverse solute flux and membrane structure is 

driving research towards thinner membranes and hence a strong focus on the 

development of TFC membranes that are more effective at minimizing reverse solute 

permeation.  

Ion transport in MOFCs is more complex due to multiple processes of convection, 

migration and reverse salt permeation that occur simultaneously. FO membranes have 

little or no preferential selectivity for anions or cations which can affect overall 

performance. As the rejection of FO membranes improves and the diffusion of solutes in 

either direction is minimized, the internal resistance of FO membranes used in MOFCs 

will likely increase and impact overall performance negatively.3 Tailoring of FO 

membranes to incorporate varying degrees of ion exchange capacity is an interesting 

approach to develop FO membranes with desired ion selectivity to improve 

performance.20 These ion exchange tailored membranes could offer a way to minimize 

reverse salt permeation and crossover of organics and should be further explored for 

future MOFC applications to optimize system performance. 

The anaerobic electrochemical membrane bioreactor (AnEMBR) presented in 

chapters 3 and 4 demonstrated a novel technology to treat low organic strength solutions 

using a conductive hollow fiber membrane (HFM) as a dual cathode and membrane filter. 

Findings from these studies showed that the AnEMBR effectively treated a low-organic 

strength solution consistently achieving SCOD removals >80% and exceeding 90% at 

longer hydraulic retention times (HRTs). The systems operated for 70 days (Chapter 4) 
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and 80 days (Chapter 5) with stable current production throughout the duration of the 

tests. The stable performance is an indication of the long-term stability of these inorganic 

metal-based cathode membranes which is necessary for practical applications of this 

technology.  

The transmembrane pressure (TMP) of the Ni-HFMs in the proof-of-concept 

AnEMBR reached a maximum of 0.5 bar (50 kPa) at which point the applied voltage 

(Eps) was increased from 0.5 V to 0.9 V resulting in a noticeable drop in TMP to ~0.3 bar 

(30 kPa). The hypothesis for this observation was that the increased rate of hydrogen 

evolution at the higher applied voltage scoured the membrane surface causing the fouling 

layer to slough off suggesting that biofouling could be mitigated by increasing rates of 

biogas production using Eps. Findings from experiments carried out using duplicate 

AnEMBRs incorporating graphene coated Ni-HFMs operated at Eps = 0.7 V and Eps = 0.9 

V showed that the onset of biofouling can be delayed  and overall biofouling can be 

reduced by operating AnEMBRs at higher applied voltages. The maximum TMPs of the 

reactors was 0.16 bar (Eps = 0.7 V) and 0.09 bar (Eps = 0.9 V) after 60 days of operation 

compared to 0.5 bar in the proof-of-concept system (70 days). The lower TMPs measured 

in the experiment presented in Chapter 4 were due to higher current densities made 

possible by an improved configuration that increased the surface area of the cathode 

membranes to reactor volume ratio and reduced electrode spacing. Increasing the applied 

voltage from 0.7 to 0.9 V did not reduce the TMP as was observed in the previous 

experiment. Scanning electron microscopy (SEM) images revealed that the biofouling 

layers of the proof-of-concept study and subsequent experiment were noticeably 

different. The biofouling layer for reactors at Eps = 0.7 V with a graphene coating on the 
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cathode was one-tenth the thickness (0.4 μm) of that observed without that coating (4 

μm), and this thinner fouling layer appeared to contain larger quantities of extracellular 

polymers (EPS). This difference in the biofouling layer morphologies may explain why 

the effect of applied voltage observed in the uncoated Ni-HFM experiment was not 

reproduced in the subsequent experiments. It is hypothesized that the different fouling 

layer morphology observed on graphene coated Ni-HFM was less susceptible to shearing 

compared to the fouling layer observed uncoated Ni-HFM. The acclimation stage may 

have a profound effect on the development and characteristics of the fouling layer. A 

good correlation of fouling, based on TMP, to methane generation rates in AnEMBRs 

operated with graphene coated Ni-HFMs was observed, suggesting that methanogens 

contributed significantly to membrane fouling. The difference in fouling between reactors 

at Eps = 0.7 V and Eps = 0.9 V may be a direct result of higher rates of hydrogen 

production that occurred once sufficient current densities were achieved. However, the 

effect that lower cathode electrode potentials (–1.18 V at Eps = 0.9 V and –1.08 V at Eps = 

0.7 V) and elevated pH near the surface of the cathode membrane (expected for higher 

current densities) might have on development of the fouling layer cannot be ascertained.  

The efficiency of converting substrate into gas in AnEMBR systems was always 

greater than 70%. The proof-of-concept AnEMBR recovered 71% of the substrate energy 

as methane rich biogas (83 % CH4; < 1% H2) at an applied voltage of 0.7 V. The recovery 

of substrate as gas in AnEMBRs with graphene coated Ni-HFMs was always higher at 

0.9 V compared to 0.7 V. The dissolved methane was estimated using the electron 

balance and should be monitored in future AnEMBR studies because it is considered as 

additional energy that could be recovered but also poses a risk to the environment due to 
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its potent greenhouse gas effect if it is released in the effluents of these systems.21  

The energy required to operate the proof-of-concept AnEMBR was significantly 

lower than what is needed for aerobic MBRs, though the design of this system was not 

optimized. For example, the HRT was long (1 to 5 days), the spacing between the 

electrodes was 2 cm and the specific cathode surface area was 4.1 m2/m3. HRT is an 

important design parameter that affects the reactor size and overall energy demand. HRTs 

should be reduced while maintaining efficient treatment to generate an energy surplus at 

a constant applied voltage. Current densities were increased in the AnEMBR by 

minimizing electrode spacing which reduced internal resistance and HRT compared to 

the original design. AnEMBRs operated as completely energy positive systems during the 

initial cycles (up to day 30) after stable current was produced, when gas was composed of 

>80% hydrogen, based on calculations assuming the use of fuel cells for conversion of 

hydrogen to electricity at an 83% energy efficiency. The energy balance became negative 

with increased methane production, but the overall energy deficit was still ≤32% of that 

needed for CAS. Methanogenesis would need to be reduced as much as possible for these 

systems to remain fully energy positive. Strategies to minimize methanogenesis such as 

introducing oxygen intermittently or introducing cost effective chemical inhibitors could 

aid in maximizing hydrogen recoveries. 

The graphene-coated Ni cathode had a catalytic activity that was only slightly less 

than of the uncoated Ni cathode for HER. Additional studies are needed to compare 

graphene coated and bare Ni-HFM membranes in these systems to evaluate what effect 

the membrane surface chemistry has on fouling propensity and performance of 

AnEMBRs. In addition, the robustness of AnEMBRs in terms of treatment performance 
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and energetics should be evaluated with real domestic wastewater and under continuous 

mode of operation in the future.  

The MOFC and AnEMBR each have achievements and challenges. An alternative 

approach to maximize hydrogen recovery would be an integration of these two systems 

(Figure 7.1). In the configuration proposed the FO membrane separates the anode and 

cathode electrodes. Wastewater is fed to the anode and seawater or alternative draw 

solution is fed to the cathode chamber. Hydrogen evolution at the cathode would occur in 

the saline solution separate from the wastewater feed thereby minimizing the availability 

of hydrogen for the growth of methanogens and improving overall hydrogen recoveries. 

The diluted seawater could be further treated by low pressure RO as suggested in Chapter 

3. Though this approach adds a level of complexity as well as additional internal 

resistance due to the FO membrane, a number of goals can be achieved in a single reactor 

and, importantly, hydrogen recoveries could be improved thereby improving the overall 

energy balance. 
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Figure 7.2. Integrated approach to achieve wastewater treatment, partial desalination and 
hydrogen recovery. 
 

Investigations for the attenuation of trace organic compounds (TOrCs) in microbial 

electrochemical technologies (METs) carried using microbial fuel cells (MFCs) and 

microbial electrolysis cells (MECs) showed that these compounds were removed at rates 

comparable to conventional wastewater treatment. However, a multi-barrier approach, 

such as MET followed by membrane treatment, ozonation (pre- or post-treatment) or 

other advanced treatment would be needed for improved removals of TOrCs prior to 

water reuse applications. Findings from this study showed considerable sorption of 

several chemicals to the biofilm-based systems, with enhanced biotransformation for 

some of the compounds. However, no clear trend between the physico-chemical 
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properties of the compounds and their attenuation in MET was observed. Caffeine and 

sulfamethoxazole were well attenuated in both MFCs and MECs but primidone showed 

limited attenuation under all conditions tested. Sorption This study used single chamber 

MFCs and MECs to test the capabilities of these systems to attenuate TOrCs but it is 

recommended that future studies should consider testing TOrC attenuation in two 

chamber systems in an effort to interrogate the influence of electrode reactions on TOrC 

removal. To date there has been limited attention paid to the removal of TOrCs using 

METs. The overall extent of treatment that BESs can achieve is becoming increasingly 

important particularly if they are to be considered practical alternatives to existing 

technologies. The attenuation of TOrCs is a subject of intense scrutiny for current 

wastewater treatment practices and thus will be for new technologies as we search for 

more sustainable water and wastewater treatment options. 
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Appendix A 

1. Theoretical prediction of pH change based on proton production at the anode  

Since one coulomb of charge is defined as one ampere-second (1 C = 1 A/s), the charge 
transferred through the circuit can be calculated by integrating the current over time. 
Table 1 shows the average number of coulombs transferred per cycle in the MFCs with a 
CEM and AEM and the MOFC using the forward osmosis (FO) membrane. 

Table A1. The average coulombs of charge transferred per cycle for each experiment. 

Average Coulombs (C) 
CEM AEM FO 

85 113 99 
  

Using the values in Table A1 and Faradays constant (96,485 C/mol) the moles of 
electrons that passed through the circuit can be calculated (Table A2). Since electrons and 
protons are produced in equimolar ratios (equation A1), we can assume that the same 
number of moles of protons were produced. As a result, the concentration of protons can 
be calculated (based on volume of anode) and the theoretical pH change can be 
determined. The theoretical pH change was calculated assuming no transport of 
phosphate ions across the membrane and considering the dominant phosphate species as 
shown in section 3. 

CH3COO− + 3H2O → CO2 + HCO3
− + 8e− + 8H+   (A1) 

 

Table A2. Calculated moles of protons produced at the anode and resultant pH in the 
anode. 

Units CEM AEM FO 
Q/F (mol e– or mol H+) 0.880 × 10-3 1.166 × 10-3 1.029 × 10-3 
H+ (mol/L) 2.93 × 10-3 3.89 × 10-3 3.43 × 10-3 
pH (–log [H+]) predicted 5.99 3.04 3.58 
pH observed 6.30 5.60 6.20 

 

2. Proton consumption at the cathode 

In order to sustain electricity production, oxygen reduction at the cathode consumes 
equimolar ratios of protons and electrons (equation A2). Table A3 shows the change in 
the amount of H+ (or OH–) in the cathode as a result of electricity production. The 
theoretical pH change of the cathode can be determined by converting the moles of H+ to 
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a concentration (based on 50 mL volume), taking the negative logarithm and subtracting 
it from 14 (pH + pOH = 14). In the case of the MOFC, the pH change based on the 
diluted catholyte solution (based on 66 mL) shows that the dilution has only a small 
overall effect on the final pH (Table A3). 

O2 + 4e− + 2H2O → 4OH−      (A2) 

         

Table A3. Initial and final moles of H+ in the catholyte following oxygen reduction at the 
cathode and the resultant pH. 

Units CEM AEM FO 
Mol H+ at pH 5.8 1.58 × 10-6 1.58 × 10-6 1.58 × 10-6 
Reacted mol H+ / 
OH– generated 0.880 × 10-3 1.166 × 10-3 1.029 × 10-3 
ΔH+ / ΔOH- 0.878 × 10-3 1.166 × 10-3 1.028 × 10-3 
Final pH (based on 
50 mL) predicted 12.25 12.37 12.31 
Final pH (with 
dilution to 66 mL) 
predicted NA NA 12.19 
pH observed 11.40 11.60 9.90 

  NA = Not applicable 

3. Calculation of anolyte pH based on phosphate speciation. 

The dominant phosphate species in a 0.05 M phosphate buffer at neutral pH are [H2PO4
−] 

and [HPO4
2−]. As the proton concentration in the anolyte increases, the ratio of these 

species changes followed by a change in pH (Figure A1).  
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Figure A1. The concentrations of the various phosphate species in a 0.05 M phosphate 
buffer as a function of pH. 

The calculations used to determine the theoretical pH change in each of the reactor 
configurations is shown below. 

Mass balance (0.05 M phosphate buffer):  

           (A3) 

The dominant species at neutral pH are [H2PO4
−] and [HPO4

2−], therefore [H3PO4] and 
[PO4

2−] can be ignored: 

           (A4) 

 

           (A5) 

Substitute (A5) into (A4) 

           (A6) 

 

           (A7) 

 

           (A8) 
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0.05[H+] = [H+][H2PO4
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−] =
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10−7.2[H2PO4
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10−7.2[H2PO4
−]
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Charge balance: 

           (A9) 

 

As before, we expect that the dominant species will be [H2PO4
−] and [HPO4

2−] and 
therefore [PO4

2−] can be ignored: 

 

           (A10) 

 

           (A11) 

 

The left-hand side and right-hand side of the equation can be balanced by trial and error 
to give the free proton concentration in the anolyte and thus the pH can be calculated 
(Table A1). Since the charge transferred in the MOFC and MFC with an AEM was 
higher than the MFC with CEM, the phosphate speciation shifted further to the left and 
was dominated by [H3PO4] and [H2PO4

−]. As a result the mass and charge balances 
change as shown below. As before, the balanced equation provides the free proton 
concentration and thus the final pH. 

Mass balance:  

           (A12) 

 

           (A13) 

Substitute (A13) into (A14) 

           (A14) 

 

           (A15) 

 

           (A16) 

 

[Na+] +  [H+] = [H2PO4
−] + 2[HPO4

2−] + 3[PO4
3−] + [OH−] +  𝑒− 

[Na+] + [H+] = [H2PO4
−] + 2[HPO4

2−] + [OH−] +  𝑒− 

0.0822 +  [H+] =
0.05[H+]

[H+] + 10−7.2 + 2�
10−7.2 0.05[H+]

[H+] + 10−7.2

[H+]
� +

10−14

[H+] +  𝑒− 

0.05 = [H3PO4] + [H2PO4
−] 

0.05[H+] = [H+][H3PO4] + 10−2.16[H3PO4] 

 [H2PO4
−] =

10−2.16[H3PO4]
[H+]  

0.05 = [H3PO4] +
10−2.16[H3PO4]

[H+]   

[H3PO4] =
0.05[H+]

[H+] + 10−2.16 
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Charge balance:  

           (A17) 

 

 

           (A18) 

 

Table A1. Solutions for the left and right-hand side of the equations for increasing values of [H+] 
(values at which the equations are balanced are highlighted in red). 

 

 

pH [H+] LHS RHS pH [H+] LHS RHS pH [H+] LHS RHS
8.000 0.00000001 0.08222 0.12246 4.000 0.0001 0.08232 0.08819 4.000 0.0001 0.08232 0.08359
6.959 0.00000011 0.08222 0.09753 3.699 0.0002 0.08242 0.08750 3.959 0.00011 0.08233 0.08352
6.678 0.00000021 0.08222 0.09085 3.523 0.0003 0.08252 0.08682 3.921 0.00012 0.08234 0.08345
6.509 0.00000031 0.08222 0.08776 3.398 0.0004 0.08262 0.08617 3.886 0.00013 0.08235 0.08338
6.387 0.00000041 0.08222 0.08597 3.301 0.0005 0.08272 0.08553 3.854 0.00014 0.08236 0.08331
6.292 0.00000051 0.08222 0.08480 3.222 0.0006 0.08282 0.08491 3.824 0.00015 0.08237 0.08324
6.215 0.00000061 0.08222 0.08399 3.155 0.0007 0.08292 0.08431 3.796 0.00016 0.08238 0.08317
6.149 0.00000071 0.08222 0.08338 3.097 0.0008 0.08302 0.08372 3.770 0.00017 0.08239 0.08310
6.092 0.00000081 0.08222 0.08291 3.046 0.0009 0.08312 0.08314 3.745 0.00018 0.08240 0.08303
6.041 0.00000091 0.08222 0.08254 3.043 0.000905 0.08312 0.08312 3.721 0.00019 0.08241 0.08296
5.996 0.00000101 0.08222 0.08224 3.041 0.00091 0.08313 0.08309 3.699 0.0002 0.08242 0.08290
5.995 1.0125E-06 0.08222 0.08223 3.039 0.000915 0.08313 0.08306 3.678 0.00021 0.08243 0.08283
5.994 0.000001015 0.08222 0.08223 3.036 0.00092 0.08314 0.08303 3.658 0.00022 0.08244 0.08276
5.993 1.01525E-06 0.08222 0.08223 3.034 0.000925 0.08314 0.08300 3.638 0.00023 0.08245 0.08269
5.993 1.0155E-06 0.08222 0.08222 3.032 0.00093 0.08315 0.08298 3.620 0.00024 0.08246 0.08262
5.993 1.01575E-06 0.08222 0.08222 3.029 0.000935 0.08315 0.08295 3.602 0.00025 0.08247 0.08256
5.993 0.000001016 0.08222 0.08222 3.027 0.00094 0.08316 0.08292 3.599 0.000252 0.08247 0.08254
5.993 1.01625E-06 0.08222 0.08222 3.025 0.000945 0.08316 0.08289 3.595 0.000254 0.08247 0.08253
5.993 1.0165E-06 0.08222 0.08222 3.022 0.00095 0.08317 0.08286 3.592 0.000256 0.08247 0.08252
5.993 1.01675E-06 0.08222 0.08222 3.020 0.000955 0.08317 0.08284 3.588 0.000258 0.08248 0.08250
5.993 0.000001017 0.08222 0.08222 3.018 0.00096 0.08318 0.08281 3.585 0.00026 0.08248 0.08249
5.993 1.01725E-06 0.08222 0.08222 3.015 0.000965 0.08318 0.08278 3.582 0.000262 0.08248 0.08248
5.992 1.0175E-06 0.08222 0.08222 3.013 0.00097 0.08319 0.08275 3.578 0.000264 0.08248 0.08246

CEM AEM FO

[Na+] + [H+] = [H2PO4
−] + 𝒆− 

0.0822 +  [H+] = �
10−2.16 0.05[H+]

[H+] + 10−2.16

[H+] �+  𝑒− 
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Appendix B 

 

Theoretical and Measured Gas Production Rates  

The stoichiometric equations for the principal reactions taking place in the AnEMBR 

system are as follows: 

1) Anodic acetate oxidation: CH3COO−  +  4 H2O →  2 HCO3
− +  9 H+ + 8 e−  

2) Cathodic hydrogen formation: 2 H+ + 2 e−  →  H2 

3) Cathodic methane formation: 4 H2 +  CO2  →  CH4 + 2 H2O 

The theoretical gas production was based on the stoichiometric maximum that could 

be achieved based on the measured current:1, 2 

𝑄max(H2) =  
𝐼𝑣 � A

m3�0.5 �mol H2mol� 86400 �sd�

𝐹 �9.65 𝑥 104 C
mol�𝑐𝑔 �molH2L ��

103L
m3 �

     (B1) 

𝑄max(CH4) =  
𝐼𝑣 � A

m3�0.125 �molCH4mol� 86400 �sd�

𝐹 �9.65 𝑥 104 C
mol�𝑐𝑔 �molCH4L ��10

3L
m3 �

     (B2) 

where Iv (A/m3) is the volumetric current density over the peak period of current 

production normalized by the reactor volume and cg is the concentration of gas at a 

temperature T calculated using the ideal gas law.  

The theoretical moles of hydrogen and methane that can be recovered based on the 

measured current were calculated using equations 3 and 4. The analysis reveals that the 

measured gas did not exceed the theoretical maximum (Figure B1). For most of the batch 

cycles, the measured methane production rate was close to the theoretical value when the 

hydrogen production rate was minimal (Figure B1, batch cycles 3-6, 11-13 and 16-17); 

this further supports that methane generation was mainly due to hydrogenotrophic 

methanogenesis.  
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Figure B1. Theoretical hydrogen and methane production rates based on measured current 
compared with actual measured hydrogen and methane gas production rates. 

  

Figure B2. Transmembrane pressure (TMP) measurements of the control (open circuit voltage) 
and experimental reactors. 

 

0

10

20

30

40

50

60

0 15 30 45 60 75

TM
P 

(k
P

a)
 

Time (days) 

Experimental
Control

0.9V 



182 
 

 

 

 

 

 

 

 

 

 

 

 

Figure B3. Photographs of nickel hollow-fiber membrane cathodes showing gas bubble formation 
at the electrode surface of a single fibre (A) and the bundle of fibres (B) while the reactor was in 
operation. 
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Figure B4. Estimation of the percentage of dissolved methane based on fs of 0.08 for 
hydrogenotrophic methanogens3 and using the values of CE and rcat from Table 3.1 in the 
manuscript (applied voltage of 0.7V). The total methane that could be generated at the cathode by 
hydrogenotrophic methanogens was estimated to be 29.77 me- eq. 

 
DNA Extraction and Quantitative PCR Analysis 
 
Biomass samples were collected from the fouled Ni-HFMs using a sterile scalpel blade at 

different time intervals, and suspended in 0.5 ml sterile buffer. The samples were stored 

at -80 °C, until analysed. DNA was extracted from aliquots (250 µl) of previously frozen 

samples using the PowerSoil ™ DNA extraction kit (MO BIO Laboratories Inc., USA) as 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



184 
 

 

per the manufacturer’s instructions, and quantified using a NanoDrop spectrophotometer 

(Thermo Scientific).  

To quantify the abundance of total Bacteria, total Archaea and various methanogenic 

Archaea (Methanobacteriales, Methanomicrobiales, Methanosarcinaceae and 

Methanosaetaceae) quantitative PCR (qPCR) was performed in a 25-µL reaction volume 

containing 12.5 µL of 2 × iQ Supermix (Bio-Rad Laboratories, Hercules, CA), 0.5 µM of 

each primer, 0.2 µM of each probe, 1 µl sample DNA, and RNase-free sterile water to a 

final volume of 25 µL. Amplification was performed using the CFX96 real-time PCR 

detection system (Bio-Rad Laboratories, Hercules, CA) with PCR conditions described 

by Ritalahti et al.4 and Yu et al.5 All primers, probes and plasmid standards used in this 

study are listed in Table A1. For each qPCR run, a negative (no template) control was 

used to test for false positives or contamination. The genomic DNA from each sample 

was amplified in triplicate.  
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Table B1. Primers, probes and plasmid standards used in this study 
Primer-probe Target Plasmid standard Sequence 5’-3’ Ref 
BAC 1055F 
BAC 1392R 
BAC 1115 probe 

Total Bacteria Geobacter sulfurreducens 
(NC002939) 

ATGGYTGTCGTCAGCT 
ACGGGCGGTGTGTAC 
CAACGAGCGCAACCC 

1 

ARC 787F 
ARC 1059R 
ARC 915F probe 

Total Archaea Methanosarcina 
thermophila 
(M59140) 

ATTAGATACC CSBGTAGTCC 
GCCATGCACCWCCTCT 
AGGAATTGGCGGGGGAGCAC 

2 

MBT 857F 
MBT 1196R 
MBT 929 probe 

Methanobacteriales 
(hydrogenotrophic) 

Methanobacterium 
formicium 
(EU 544028) 

CGWAG GGAAG CTGTT AAGT 
TACCG TCGTC CACTC CTT 
AGCAC CACAA CGCGT GGA 

2 

MMB 282F 
MMB 832R 
MMB 749 probe 

Methanomicrobiales 
(hydrogenotrophic) 

Methanomicrobiales KB 1-1 
(AN – DQ301905) 

ATCGR TACGG GTTGT GGG 
CACCT AACGC RCATH GTTTA C 
TYCGA CAGTG AGGRA CGAAA 
GCTG 

2 

MSC 380F 
MSC 828R 
MSC 492 probe 

Methanosarcinaceae 
(mixotrophic) 

Methanosarcina 
thermophila 
(M59140) 

GAAAC CGYGA TAAGG GGA 
TAGCG ARCAT CGTTT ACG 
TTAGC AAGGG CCGGG CAA 

2 

MST 702F  
MST 863R  
MST 753 probe 

Methanosaetaceae 
(acetoclastic) 

Methanosaeta KB 1-1 
(AY 570685) 

TAATC CTYGA RGGAC CACCA 
CCTAC GGCAC CRACM AC 
ACGGC AAGGG ACGAA AGCTA GG 

2 
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Appendix C 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C1. X-ray photoelectron spectroscopy spectrum of the graphene coated Ni-HFM 
showing greater than 96% C covering the HFM surface.  
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Eps = 0.7 V 
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Figure C2. Estimation of the fraction of electrons not accounted for in the recovered gas 
and potentially present as dissolved methane for reactors at Eps = 0.7 V at 50 and 80 days 
of operation. The values were determined using a fs of 0.08 for hydrogenotrophic 
methanogens1 and the values of CE and rcat from Table 5.1.  
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Eps = 0.9 V 
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Figure C3. Estimation of the fraction of electrons not accounted for in the recovered gas 
and potentially present as dissolved methane for reactors at Eps = 0.9 V at 50 and 80 days 
of operation. The values were determined using a fs of 0.08 for hydrogenotrophic 
methanogens1 and the values of CE and rcat from Table 5.1.  
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Appendix D 

 

Figure D1. Removal due to sorption (%) for atrazine, carbamazepine and TCEP shows is 
in general agreement with Log D (pH 7.4) values but sorption for DEET was lower than 
expected. 
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