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ABSTRACT
Effect of Sodium Dodecyl Sulfate (SDS) and Tween 80 on Cell Viability in an AirCathode Microbial Fuel Cell
Luisa Emilia Javier Fregoso

Microbial fuel cells (MFCs) generate current via electrochemical reactions produced
by bacteria attached to the anode that oxidize organic matter.
Due to their high volume use in household products, some concentration of
surfactant will reach wastewater treatment plants. The average surfactant
concentration in wastewater ranges from 10 to 20 mg L-1, and up to 300 mg L-1, for
domestic and industrial wastewaters, respectively.
This study aimed to demonstrate the feasibility of enhancing power production by
adding Tween 80 and SDS surfactants to air-cathode MFCs, and their effect in cell
viability at the anodic biofilm.
In order to analyze the effect of anionic and nonionic surfactants in MFCs
performance, eight MFCs were spiked with two types of surfactants, the anionic
surfactant sodium dodecyl sulfate (SDS) and the nonionic surfactant Tween® 80 at
two different concentrations 10 and 100 mg L-1. Cell viability at the anodic biofilms
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was examined using the LIVE/DEAD BacLight viability assay and images were
visualized with a confocal laser scanning microscope.
The electrochemical results demonstrate that, for an air-cathode MFC operating on
1 g L-1 acetate in a fed-batch mode, reactors where SDS was added show a lower
overall performance, maximum PD of 544 mW m-2, CE of 12.3%, Rint of 322 Ω (10 mg
L-1) and maximum PD of 265 mW m-2, CE of 9.4%, Rint of 758 Ω (100 mg L-1).
Reactors where Tween 80 was added show quite stable performance, maximum PD
of 623 mW m-2, CE of 15.4%, Rint of 216 Ω (10 mg L-1) and maximum PD of 591 mW
m-2, CE of 10.8%, Rint of 279 Ω (100 mg L-1), compared with reactors operating at
only acetate as a substrate, maximum PD of 574 mW m-2. Confocal microscopy
images confirm this observation and biofilm viability appeared severely
compromised in SDS reactors, especially at high concentrations.
This study has opened up a whole new research area in determining which types of
surfactants are toxic to the anodic biofilm and to further investigate the scale-up
feasibility of this technology for wastewater treatment.
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I. INTRODUCTION
MFCs are devices that generate current via electrochemical reactions produced by
bacteria attached to the anode that oxidize organic and inorganic matter (Logan et
al., 2006; Chae et al., 2008; Wen et al., 2011), producing electrons and protons from
the catalysis of microorganisms. It is a promising technology for capturing energy in
the form of electricity from wastewater.
Surfactants are amphiphilic compounds, which contain both hydrophobic groups
(their "tails") and hydrophilic groups (their "heads"). Due to their nature, properties
such as solubility, bioavailability and mobility are increased. Some concentration of
surfactant will reach wastewater treatment plants, as they are used in high volumes
in household products. The average surfactant concentration in raw domestic
wastewater ranges from 10 to 20 mg L-1, whereas in some industrial wastewater it
may reach 300 mg L-1 (Scott and Jones, 2000; Liwarska-Bizukojc and Bizukojc,
2005).
In order to analyze the effect of anionic and nonionic surfactants on MFC
performance, two types of surfactants were used in this study, the anionic surfactant
sodium dodecyl sulfate (SDS) and the nonionic surfactant polysorbate 80 (Tween®
80), at two different concentrations 10 and 100 mg L-1. Even though there are some
recent studies evaluating the effect of adding Tween 80 on MFC electrochemical
performance, to our knowledge there are no studies showing the effect on anionic
surfactants on MFC performance.
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It was recently reported (Wen et al., 2011) that the addition of the nonionic
surfactant Tween 80 to an MFC, using glucose 1 g L-1 as the substrate and with
continuous feeding, at three different concentrations 5, 20 and 80 mg L-1, improved
power density from 600 to 5200 mW m-2. This study aimed at reproducing these
results but using acetate (1 g L-1) instead of glucose and running the MFCs in fedbatch mode instead of continuous mode
Cell viability is one of the most critical factors affecting the performance of MFCs as
it focuses on increasing the number of metabolically viable cells contributing to
electron transfer on a given surface area (Chae et al., 2009). Therefore, in this study
the effect of SDS and Tween 80 on cell viability was assessed using the LIVE/DEAD
BacLight viability assay.
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II. LITERATURE REVIEW
2.1 MFCs as a technology for water treatment
For many years abiotic fuel cells have been an alternative to electricity production
that do not generate all the environmental problems from combusting fuels, such as
oil, coal and natural gas. However biotic fuel cells or generally known as microbial
fuel cells (MFCs) have the advantage of using renewable biomass (e.g. wastewater)
that cannot be used in abiotic fuel cells, as the latter uses metal catalysts at the
anode (Lovley, 2006; Logan, 2009).
It is a promising technology for simultaneous wastewater treatment and electricity
generation with several environmental benefits. They are considered a "carbon
neutral" technology, as only fixed carbon is released back into the atmosphere, as a
consequence of the oxidation of the biomass (Zhang et al., 2006; Lovley, 2006).
2.2 The process of electricity generation in an MFC
MFCs are devices that are characterized for converting the chemical energy
available in the substrate into electrical energy (Lovley, 2006). These devices
generate current via electrochemical reactions produced by bacteria attached to the
anode that oxidize organic and inorganic matter (Logan et al., 2006; Chae et al.,
2008; Wen et al., 2011), producing electrons and protons from the catalysis of
microorganisms.
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The process of electricity generation in an MFC involves four steps. The first step
starts with the electron generation catalyzed by bacteria at the anode, followed by
their transfer from the cell to the anode, afterwards the electrons flow through a
circuit and finally, electrons arrive at the cathode where they combine with protons
and oxygen to form water (Logan et al., 2006; Logan, 2009; Feng et al., 2010; Wen et
al., 2011).
Another important principle of MFCs is that bacteria known as exoelectrogens
(Logan, 2008) and electricigens (Lovley, 2006) are capable of transferring electrons
outside the cell (exogenously), to the anode, which serves as the sole terminal
electron acceptor (TEA), (Chae et al., 2009).
2.3 Exogenous electron transfer mechanisms
To date, electrons can be transferred to the anode by three well investigated
mechanisms (Figure 2.1, A): (i) through soluble electron mediators or shuttles
either generated by some bacteria or artificially incorporated into the MFC (Rabaey
et al., 2004; Rabaey, Boon, et al., 2005; Logan et al., 2006), (ii) by direct membrane
associated electron transfer (Bond and Lovley, 2003), (iii) or by highly conductive
nanowires produced by certain bacteria (Reguera et al., 2005; Chae et al., 2009).
There are two other mechanisms hypothesized that are still not completely proven:
(iv) by indirect transfer through the interaction of reduced metabolic products with
the anode (Lovley, 2006) and (v) interspecies electron transfer as a mean of cell-cell
communication (Logan, 2009).
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Figure 2.1 – (a) Different mechanisms of electron transfer in MFCs: (i) through electron
mediators or shuttles, (ii) through direct contact with the anode and (iii) through highly
conductive nanowires. (b) Amplification of an air-cathode MFC structure: (1) Pt/C catalyst
layer, (2) carbon cloth, (3) carbon base layer and (4) PTFE diffusion layers

2.3.1

Electron transfer by mediators or shuttles

This mechanism of electron transfer can occur artificially or by self-produced
mediators by bacteria. Artificial chemical mediators, or also known as electron
shuttles, such as neutral red, thionine, anthraquinone-2,6-disulfonate (AQDS),
various phenothiazines, phenazines and iron chelates, are added to the system
because some species of bacteria are unable to effectively transfer electrons to the
anode, so electricity production is not possible. These electron shuttles cross cell
membranes, then accept electrons from electron carriers inside the cell, afterwards
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they exit the cell in a reduced form, which is more electrochemically active than
other fermentation end-products, making the transfer of electrons to the anode
surface possible. However, this mechanism has some drawbacks, first, most of these
chemicals are toxic to humans and to some microorganisms. Second, as one of the
principal applications of MFCs is in wastewater treatment, where in some of the
cases the oxidation of the substrates is done in open systems and it is administered
in an intermittent or continuous form, which reduces the lifetime of the chemical
and this will require the continuous addition of the shuttle, which makes this
technology less cost effective (Shukla et al., 2004; Logan et al., 2006; Lovley, 2006).
The other approach of this mechanism is by cultivating some microorganisms that
can produce their own mediators, to promote extracellular electron transfer.
Organisms that produce electron shuttles include Geothrix ferementans (Nevin and
Lovley, 2002), Pseudomonas species (Hernandez et al., 2004) and Shewanella
species (Newman and Kolter, 2000). As previously discussed, self-produced
mediators are not likely to play an important role in open reactors that are used for
wastewater treatment. It has been proven that the release of electron shuttle by
bacteria might be an adaptive strategy in MFCs where there is no substantial
medium replacement, so the shuttle is not lost from the system (Rabaey et al., 2004).
Another drawback of this mechanism is that electricity production is limited
because these bacteria incompletely oxidize their organic fuels under anaerobic
conditions, even when the electrode serves as the TEA (Park and Zeikus, 2002; Lee
et al., 2003; Lovley, 2006).
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2.3.2

Direct membrane associated electron transfer to the electrode

Usually classified as "mediator-less" MFC. This mechanism proposes that electrons
can be transferred exogenously outside the cell through outer-membrane c-type
cytochromes (Lovley, 2006).
2.3.3

Electron transfer by highly conductive nanowires

This novel mechanism removes the disadvantage of replacing soluble shuttles that
are being flushed in a continuous open system MFC, as discussed above. It involves
the use of highly conductive nanowires (Figure 2.2), pilus-like structures, for the
process of extracellular electron transfer. These pili have been identified in some
Shewanella and Geobacter species, which allow the direct electron transfer of a
distant electron acceptor and also may allow electron transfer between species
(Logan and Regan, 2006; Reguera et al., 2005).

Figure 2.2 – Image of nanowires. Transmission electron microscopy image of the wild-type
strain Geobacter sulfurreducens (adapted with permission from Reguera et al., 2005)
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2.3.4

Indirect electron transfer of reduced metabolic products with the anode

It is believed that this process transfers electrons by the abiotic oxidation of reduced
products, such as hydrogen, alcohols or ammonia, released in microbial
fermentation.

This mechanism is the least efficient method for transferring

electrons to the anode, because many fermentation products react very slowly with
electrodes, if at all. On the other hand, there are no substantial studies quantifying
the oxidation of these reduced products at the anode (Lovley, 2006).
2.3.5

Interspecies electron transfer as mean of cell-cell communication

This mechanism is still not completely examined, but it presumes that bacteria
within the biofilm can communicate through quorum sensing chemicals. It has been
researched that Pseudomonas aeruginosa produces a chemical, pyocyanin, which is
responsible for quorum sensing signals (Dietrich et al., 2006; Logan, 2009). This
chemical also acts as an electron mediator, allowing the electricity production in
MFCs.
2.4 MFCs architecture
The components of an MFC (Figure 2.3) consist of an anode (negative terminal),
which accepts electrons from the exoelectrogens and it is usually kept under anoxic
conditions to avoid losing electrons to oxygen, and a cathode (positive terminal)
that can be kept under aerobic conditions, so the electrons that flow through a
conductive material containing an external resistor from the anode to the cathode,
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can combine with protons and oxygen, to form water. A chemical catholyte can be
used in place of oxygen (see below).

Figure 2.3 – Schematic diagram of the various components of a single chamber air-cathode
MFC

2.4.1

Anode

The anode, where the electrochemically active bacteria grow, should be constructed
with biocompatible, conductive and chemically stable materials. Anodic materials
are mainly made of carbon and they are present in a wide range of brushes, graphite
plates, granules, fibrous materials, etc. (Logan et al., 2006)

2.4.2

Cathode

At the cathode, precious or non-precious metal catalysts can catalyze the reduction
of oxygen in order to decrease the overpotential in interfacing catalytic oxygen
reactions; these include macrocycles, phtlalocyanines and the most commonly used
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is platinum. Nevertheless, the preparation of these catalysts is time consuming and
they are usually expensive (Zhao et al., 2005; Cheng, Liu, and Logan, 2006a; Liu et
al., 2011). The cathode is then coated with this catalyst in the water-facing side
(Figure 2.1,b), while in the air-facing side, a diffusion layer is placed to avoid water
leakage; polytetrafluoroethylene (PTFE) is often used. This is known as an aircathode PTFE, which allows oxygen diffusion to the reaction site.

2.4.3

Cation exchange membrane

In a two-chamber system MFC, usually a cation exchange membrane (CEM) is used
to separate the anode and cathode chambers. The CEM allows protons released from
organic matter metabolism, to travel from the anode to the cathode, while at the
same time it restricts catholyte diffusion to the anode chamber, so bacteria would
not use it as TEA (Lovley, 2006; Logan, 2009). Nafion is the most common material
used in CEM, however Ultrex CMI-7000 is also used. The challenge on the design of
the CEM is to limit the permeability of oxygen, ferricyanide and the substrate (Logan
et al., 2006). However in a single chamber MFC, a CEM is usually not placed, with
the purpose of decreasing internal resistance, but oxygen diffusion to the anode is
not limited and as a consequence Coulombic efficiency (CE) is reduced.

2.4.4

External resistance

The external resistance is required as the load to draw the electrons through the
circuit. This operational parameter influences greatly the anode potential resulting
in changes in the anode biofilm and performance.

It also modifies the
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exoelectrogenic consortia composition as some of these bacteria will have more
affinity to the anode and also it will affect the maximum substrate utilization rate
(Ren et al., 2011).
2.5 Thermodynamics of MFCs
In an MFC, only if the overall reaction is thermodynamically favorable, electricity
will be generated. This reaction is often evaluated in terms of the overall cell
electromotive force, Eemf (V), which is the difference in potential between the
cathode and the anode. This value should be close to the open circuit voltage (OCV),
defined as the voltage that can be measured over time in the absence of current,
however the OCV is usually lower than the Eemf due to internal losses. These
differences in voltage are often referred as overpotentials and usually they can be
caused by activation losses (transfer of electron from or to a compound reacting at
the electrode surface), mass transport losses (transport of electron donor or
acceptor to the electrode surface) and bacterial metabolic losses (increased
metabolic energy gain by bacteria), (Logan et al., 2006).

2.5.1

Reactions occurring in an MFC

Depending on the substrate used at the anode, the catholyte used at the cathode
(see below) and the conditions set for the reactions, the cell voltage will vary (Table
2.1 and Table 2.2). All the standard potentials in half-cell reactions are reported
relative to the normal hydrogen electrode (NHE), which has a potential of zero at
standard conditions (pH2 = 1 bar, 298 K, [H+] = 1 M).
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For example, if acetate (HCO3 = 5 mM, CH3COO-= 5 mM, pH = 7) is used as the
substrate oxidized by the anode and oxygen (pO2 = 0.2 / pH = 7) is used as the
catholyte, reduced by the cathode then the Eemf will be 0.805 – (-0.296) = 1.101 V
(Logan et al., 2006).
Table 2.1 – Anodic reactions and its standard potentials E0 (V) and theoretical potentials E'(V)
for different conditions in MFCs. All potentials are shown against NHE. Adapted from Logan
and Regan, 2006; Logan, 2008.
Substrate Reaction
E0 (V) Conditions
E'(V)
used
Hydrogen

2H+ + 2e-  H2

0.000

pH = 7

-0.414

Acetate

2HCO3 + 9H+ + 8e-  CH3COO- + 4H20

0.187

HCO3 = 5 mM,

-0.296

CH3

COO-=

5 mM

pH = 7
8H+

+

8e- 

CH3

COO-

Acetate

CO2 + HCO3 +

+ 3H20

Glucose

6CO2 + 24H+ + 24e-  C6H12O6 + 6H20

0.130

pH = 7

-0.284

-0.014

pH = 7

-0.428

Table 2.2 – Cathodic reactions and its standard potentials E0 (V) and theoretical potentials
E'(V) for different conditions in MFCs. All potentials are shown against NHE. Adapted from ter
Heijne et al., 2006; Logan and Regan, 2006; You et al., 2006; Logan, 2008.
Catholyte
Reaction
E0 (V) Conditions
E'(V)
used
Oxygen

O2 + 4H+ + 4e-  2H2O
4H+

+

4e-

1.229

pO2 = 0.2 / pH = 7

0.805

Oxygen

O2 +

 2H2O

1.229

pO2 = 0.2 / pH = 10

0.627

Oxygen

O2 + 2H+ + 2e-  H2O2

0.695

pO2 = 0.2

0.328

H2O2 = 5 mM
pH = 7
Oxygen

O2 +

2H+

+

2e-

 H2O2

0.695

pO2 = 0.2

0.370

H2O2 = 0.22 mM
pH = 7
Ferricyanide

Fe(CN)63- + e-  Fe(CN)54-

Manganese
oxide

Mn02(s) +

Permanganate

Mn04- + 4H+ + 3e-  Mn02 + 2H2O

Ferric iron

Fe3+

+

4H+

e- 

+

Fe2+

2e-



Mn2+

+ 2H2O

0.361

[Fe(CN)63-]= [Fe(CN)54-]

0.361

1.23

Mn2+

0.470

1.70

Mn04- = 10 mM / pH = 3.5

1.385

0.77

Fe3+ =

0.78

= 5 mM / pH = 7

Fe2+ /

T = 303 K

pH = 0.77 (low pH)

25
2.5.2

Catholytes used in MFCs

Different types of catholytes have been reported in the literature including oxygen
(Dekker et al., 2009), ferricyanide (Cheng et al., 2008), permanganate (You et al.,
2006), manganese (Rhoads et al., 2005) and ferric iron (ter Heijne et al., 2006).
However, oxygen has been the most common catholyte used in MFCs studies, due to
its low cost, availability, but most importantly because of its high oxidation
potential, as it is the most suitable electron acceptor. Nevertheless, under most MFC
configurations (ambient temperature, neutral electrolyte pH and low electrolyte
ionic strength), poor oxygen reduction rate limits the cathode performance, because
of the high cathodic overpotential, thus it is important to enhance the cathodic
oxygen reaction (Liu et al., 2011).
Ferricyanide, another common catholyte used, has the advantage of having a low
overpotential, so the cathode potential works close to its open circuit voltage. As a
drawback, it has to be regularly replaced, as it is insufficiently reoxidated by oxygen.
Also, in the long term, it can possibly diffuse across the CEM into the anode chamber,
affecting the performance of the MFC (Logan et al., 2006; Rabaey, Clauwaert, et al.,
2005).

2.5.3

Substrates used in MFCs

Theoretically, power generation can occur with any source of organic matter. This
property gives MFC technology the flexibility to use a wide range of biodegradable
fuels, producing renewable electricity from biomass (Logan, 2009). A wide variety
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of substrates have been reported in MFC research including acetate, butyrate (Liu et
al., 2005), glucose (Zhang et al., 2006), propionate (Chae et al., 2009), cysteine
(Logan et al., 2005), ethanol (Kim et al., 2007) and real wastewater. The substrate
influences not only the bacterial community and predominant species in the anode,
but also it influences the electrochemical MFC performance such as Coulombic
efficiency (CE) and power density (PD), (Chae et al., 2009).
Microorganisms derive energy from the oxidation of substrate, creating an overall
energy loss, which is the reason why this process is not considered a true catalysis
step. Depending on the energy gain by bacteria and energy losses at the cathode, a
voltage of 0.3-0.5 V have been usually obtained for substrates such as glucose or
acetic acid (Logan, 2009).
According to (Chae et al., 2009), who compared MFC performance using different
substrates; glucose-fed-MFC showed the lowest CE (15%), followed by propionate
(36%), butyrate (43%) and acetate (72.3%). Glucose showed a lower CE compared
with other molecular substrates, due to its fermentable nature, so fermentation
and/or methanogenesis could be the predominant metabolisms and these cannot
produce electricity, because most of the electrons available in organic fuel remain in
fermentation products that do not readily react with electrodes (Lovley, 2006).
Acetate showed the highest CE, because according to other studies (Liu et al., 2005;
Jung and Regan, 2007), it is the preferred substrate for electricity generation in MFC,
as no fermentation end products are produced.

27
2.6 Factors affecting MFCs performance
The overall performance of MFCs highly depends on the availability of
microorganisms used as biocatalysts, microbial species, type of substrate, reactor
configuration, operation time, reactor size, pH, temperature, electron acceptor,
electrode surface area, electrode material, etc. (Liu et al., 2011; Ren et al., 2011;
Logan et al., 2006)
Maximum power densities achieved by MFCs are also affected by substrate kinetics,
microbial growth rates, proton production in the biofilm, presence of
nonexolectrogenic bacteria at certain areas of the anode, and Coulombic efficiency,
which at the end will influence the microbial ecology attached to the anode biofilm.
Coulombic efficiency (CE) is defined as the ratio of total Coulombs actually
transferred from the substrate to the anode, to the maximum possible Coulombs if
all substrate removal produced current. High CEs are desirable in order to increase
energy recovery. One of the most important factors that reduce CE is the utilization
of other electron acceptors by bacteria, like oxygen which diffuses through the CEM
to the anode, rather than the electrode itself. Nitrate, sulphate or carbon dioxide are
also good candidates for TEA, because of their medium/high potentials. Some
bacteria will use the substrate for fermentation and/or methanogenesis because
they are unable to utilize the electrode as TEA. According to (Rabaey et al., 2004)
these competitive processes are diminished during the enrichment of microbial
communities in the MFC (Logan et al., 2006). The remaining substrate that does not
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go into current can be lost to exocellular products, stored and used later or it can be
used to make mediators (Logan, 2009).
One of the most critical factors that affects the performance of MFCs, which is
reviewed in this thesis, is cell viability (live/dead ratio) at the anode biofilm. It is not
only important to increase the quantity of biocatalyst by increasing the anode
surface area, but also to increase the number of live metabolically active cells
contributing to electron transfer on a given surface area (Chae et al., 2009).
2.7 General overview of surfactants
"Surface-active agents" or more commonly known as surfactants are amphiphilic
compounds, which contain both hydrophobic groups (their "tails") and hydrophilic
groups (their "heads"). Due to their nature, they can reduce interfacial tensions by
concentrating at the interface of immiscible fluids, so properties as solubility,
bioavailability and mobility are increased, allowing the posterior biodegradation of
hydrophobic organic compounds. They can be chemically made, but also,
microorganisms produce some of them, which are often called biosurfactants
(Myers, 2005; Singh et al., 2007).
As a consequence of the tendency to maximize favorable interactions with their
environment (reduce the free energy of the system), different configurations of
surfactants can be present. When all interfaces start to become saturated,
surfactants will try to reduce the overall free energy by other mechanisms, like
associating with other of their own kind. So formation of surfactant micelles (Figure
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2.4) will start to form when the concentration of surfactant is increased and an
increase in solubility will be achieved. The concentration of monomers can vary
with different concentrations, however micelles will be the predominant form of
surfactant when critical micelle concentration (CMC) is achieved (Myers, 2005).

Figure 2.4 – Predominant configurations of surfactants at different concentrations. Monomers
of surfactants (left) will be present when the concentration of surfactant is below CMC. When
the concentration of surfactant increases, CMC is achieved and micelles (right) start to form.
Adapted with permission from (Stanton, 2008)

Surfactants have widespread applicability due to their special physicochemical
properties. Depending on their application, they have been classified as foaming
agents, wetting agents, emulsifiers, de-emulsifiers, detergents, and many others.
They are used in many fields of industry (Figure 2.5), ranging from pharmaceutical,
cosmetics, textile, foods and beverage, agrochemicals, mining and metallurgical
industries, but also they have applications in technology and research including
environmental management, bioremediation of pollutants, between others (Prats et
al., 1997; Cserháti et al., 2002; Fauser et al., 2003). However the use of surfactants
for bioremediation purposes sometimes accelerates or inhibits the remediation
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process, as some of them are toxic to certain microorganisms (Liwarska-Bizukojc
and Bizukojc, 2005; Singh et al., 2007).
At present, there are few studies evaluating the application of surfactants in MFCs,
leaving a whole new possibility of research in MFCs.

Figure 2.5 – Surfactant applications. Adapted with permission from (Myers, 2005)
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2.8 Types of surfactants
Surfactants are also classified depending on their chemical structure. Usually the
hydrophobic group (the tail) consists of a long chain of hydrocarbons, while the
hydrophilic group (the head) will be an ionic or highly polar group that can impact
the water solubility of the molecule. Four basic classes of surfactants are defined,
depending on the nature of the hydrophile: (i) anionic, the hydrophilic group is
negatively charged, such as phosphate, sulfate, carboxyl, sulfonate, (ii) cationic, a
positive charge is present in the hydrophile, such as quaternary ammonium halides,
(iii) nonionic surfactants, there is no charge in the hydrophile, but highly polar
groups, such as polyoxyethylene, are present to increase its water solubility, (iv)
amphoteric, the molecule contains both a negative and a positive charge, such as
sulfobetaines (Myers, 2005).
In this study two types of surfactants were used (Figure 2.6), the anionic surfactant
sodium dodecyl sulfate (SDS) and the nonionic surfactant polysorbate 80 (Tween®
80).
SDS, C12H25OSO3Na (Figure 2.6, a), an anionic surfactant consisting of a hydrophobic
12-carbon tail attached to a sulfate group, is the most typical alkyl sulphate (AS). Its
molecular weight is 288 g mol-1 and its CMC is 2310 mg L-1. Its magnificent
amphiphilic properties classify this surfactant as a detergent, so therefore it is
widely used in high concentrations in floor cleaners, car wash shampoos and engine
degreasers, but also it is used as foaming agent in toothpaste and bubble bath
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products in lower concentrations. SDS is also used in scientific research for lysing
cells during DNA extraction, so the detergent will solubilize membranes and
proteins (Liwarska-Bizukojc and Bizukojc, 2005).
a)

b)

c)

Figure 2.6 – Chemical structures of SDS and Tween 80 surfactants. (a) SDS chemical structure
and image of monomers and micelles of sodium dodecyl sulfate in water (water molecules not
shown for clarity) Adapted with permission from (Stanton, 2008). (b) and (c) Polysorbate 80,
Tween® 80, chemical structures. Adapted with permission from (Hoffmann et al., 2009;
Fernandes et al., 2005)

Polysorbate 80 or commonly known as Tween® 80, C64H124O26 (Figure 2.6, b and c),
is

a

viscous,

water-soluble

nonionic

surfactant,

containing

hydrophilic

polyoxyethylene sorbitan head groups and its tail is composed by monooleate or
commonly known as oleic acid, a hydrophobic alkyl group (Shen et al., 2011). Its
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molecular weight is 1310 g mol-1 and its CMC in pure water is 15.72 mg L-1 (Chou et
al., 2005). This surfactant acts as an emulsifier, mainly used in food industry,
especially in ice cream manufacture and in many commercial stabilizer/emulsifier
blends (Goff, 1997).
2.9 Surfactants in wastewater
After their use, synthetic surfactants are released into terrestrial and aquatic
environments, generating an emerging concern because some surfactants are toxic
pollutants in natural waters. Due to their high volume use in household products,
some concentration of surfactant will reach wastewater treatment plants
(Ghiasvand et al., 2009).
The presence of surfactants in wastewater can decrease the performance of
wastewater treatment plants (WWTP). Some studies suggest that surfactants can
reduce the settling ability of sludge and induce foaming in aerated bioreactors
(Zhang et al., 1999) and even at low SDS concentrations, 2.5 to 25 mg L-1, activated
sludge flocs size decreased by 30% (Liwarska-Bizukojc and Bizukojc, 2005).
Another threat of surfactants in wastewater is that depending on the concentration,
they can lead to solubilization of other oil-soluble pollutants such as
trichlorobenzene and DDT (Kile and Chiou, 1989; Scott and Jones, 2000).
The average surfactant concentration in raw domestic wastewater ranges from 10
to 20 mg L-1, whereas in some industrial wastewater it may reach 300 mg L-1 (Scott
and Jones, 2000; Liwarska-Bizukojc and Bizukojc, 2005). In a recent study
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(Ghiasvand et al., 2009), SDS concentration in different wastewater samples was
determined to be 3 mg L-1 for domestic sewage, 15 mg L-1 for the clothes washing
machine and 12 mg L-1 for dishes washing machine.
It should also be noted that according to (Myers, 2005), the surfactant type that is
consumed the most is the anionic surfactant, which accounts for 65% of the total
surfactant consumption (Table 2.3). This value is important to recall as high
concentrations of the anionic surfactant, SDS, was shown to decrease the
performance of MFCs in this study.

Table 2.3 – Approximate consumption (x103) of various types of surfactants in major
industrialized areas in 2000. Adapted with permission from (Myers, 2005)

2.10 Effect of surfactants on MFC performance
One of the principal barriers for bacteria to transmit electrons exogenously to the
anode is that most of the membranes and cell walls of microorganisms contain
nonconductive materials, such as lipids or peptidoglycan (Lovley, 2006; Wen et al.,
2011). There are some studies that report that the presence of surfactant generates
a change in the cell membrane structure to form trans-membrane channels,
affecting cell membranes by reducing its resistance, increasing the permeability and

35
degradation of substrates and by accelerating the transport of substances (Van
Hamme et al., 2006; Singh et al., 2007).
A recent study (Wen et al., 2011) examined the effect of surfactants on the
performance of MFCs. Wen et al., (2011) proved that the use of the nonionic
surfactant Tween 80 in an air-cathode MFC increased the power production
significantly from 21.5 W m-3 without surfactant to 187 W m-3 after addition of
surfactant. In another study using several nonionic surfactants, Tween 80 achieved
the highest cell density values and maximum specific growth rate (Van Hamme et
al., 2006).
The amazing properties of surfactants and their effect on cell membranes make
them an interesting group of chemicals to study in MFCs for evaluating their effect
on the rate of electron transfer from cells to the anode and as a consequence in the
power generated by an MFC (Wen et al., 2011).
Even though there are some recent studies evaluating the effect of nonionic
surfactants on MFC electrochemical performance, to our knowledge there are no
studies showing the effect on anionic surfactants on MFC performance. Also, this
study wanted to evaluate the effect of surfactants on cell viability in the anodic
biofilm.
2.11 MFCs today and tomorrow
Present research in MFCs is directed in the development of energy recovery from
wastewater treatment. Wastewater treatment consumes 1.5% of the electricity
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produced in the United States (Logan, 2008). It is estimated that domestic
wastewater contains 9.3 times as much energy used in currently aerobic processes
for water treatment (Shizas and Bagley, 2004). In the future, scalable MFCs with an
air-cathode in a WWTP, would eliminate need for aeration, less waste biomass
would be generated (due to the low cell yields of anaerobic processes) compared
with other aeration processes and if part of the energy from domestic waste water is
recovered as electricity to self-sustain the water infrastructure, MFCs will be one of
the predominant technologies for water treatment (Logan, 2009). Other possible
near-term applications are biobatteries, biosensors and energy generation from the
seafloor (Logan et al., 2006). In the meantime, for achieving cost-effective largescale systems, MFC designs need to be improved. Focus should be put on the
improvement of cathode surface area and in finding low cost materials for the
cathode, as by now it is one of the principal factors limiting current production in
MFCs (Logan, 2009).
Certain types of surfactants might be toxic to some microorganisms, as shown in
this study. For this reason the effect of different types of surfactants should be
considered when designing MFCs for wastewater treatment, as the success of
specific MFC applications in wastewater treatment will depend mainly on three
factors: (i) wastewater temperature, (ii) concentration and biodegradability of the
substrate and (iii) the absence of toxic chemicals, which is the most relevant factor
for the purposes of this thesis (Logan, 2009).
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III. MATERIALS AND METHODS
3.1 Air-cathode MFC construction
A single chamber air-cathode MFC was constructed (Figure 3.1 a, b), with external
dimensions of 5 cm x 5 cm x 4 cm. The working vessel consists of a cylinder with
internal dimensions of 3.5 cm length x 3 cm diameter and a total working volume of
30 ml. The anode was carbon cloth with 3.8 cm of diameter, but with an active
surface area of 7.1 cm2 (3 cm diameter).
The cathode, with the same surface area and dimensions as the anode, was prepared
according to (Cheng et al., 2006b). In the air-facing side of the cathode, a mixture of
carbon black (1.56 mg cm-2) and 40% PTFE solution (12 µL per 1 mg of carbon
black) was applied to create the carbon base layer. Four layers of 60% PTFE
solution were applied to create the diffusion layers. A mixture of platinum in carbon
powder (10% Pt/C – 0.5 mg cm-2), Nafion® (6.67 µL per 1 mg Pt/C), pure isopropanol (3.33 µL per 1 mg Pt/C) and distilled water (0.83 µL per 1 mg Pt/C), was
applied to the solution facing side of the cathode carbon cloth (Figure 3.1, c).
A distance of 3.5 cm separated the two electrodes. Titanium wires were used to
connect the circuit (resistor box operating at 1000 Ω) and all wire junctions were
sealed with epoxy resin. After inoculation, the reactor was sealed carefully with two
septa and covered with aluminum foil (Figure 3.1, d) to prevent photochemical
reactions that lead to photoautotrophic bacterial growth and to maintain as much
anaerobic conditions as possible.
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Figure 3.1- Schematic diagram of an air-cathode MFC. (a) Components of air-cathode MFC
disassembled. (b) Air-cathode MFC assembled. (c) Amplification of an air-cathode MFC
structure: (1) Pt/C catalyst layer, (2) carbon cloth, (3) carbon base layer and (4) PTFE
diffusion layers. (d) Photograph of an MFC used in this study.

3.2 Medium and source of microorganisms
Fresh wastewater was collected from the equalization tank of the MBR of WWTP
located at King Abdullah University of Science and Technology and used to inoculate
the first six cycles of ten MFCs.
Acetate was used as the sole substrate for the entire experiment. For the first six
cycles, each reactor was fed with 30 ml of medium containing: 15 ml of wastewater
to ensure the enrichment of exoelectrogenic bacteria and the remaining volume
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consists of 1.0 g/L sodium acetate, 10 mL/L vitamin solution (0.2 g/L biotin, 0.2 g/L
folic acid, 1 g/L pyridoxine HCL, 0.5 g/L riboflavin, 0.5 g/L thiamin, 0.5 g/L nicotinic
acid, 0.5 g/L pantothenic acid, 0.01 g/L B-12, 0.5 g/L p-aminobenzoic acid, 0.5 g/L
thioctic acid); 10 mL/L mineral solution (1.5 g/L NTA, 3 g/L MgSO4, 0.5 g/L
MnSO4·H2O, 1 g/L NaCl, 0.1 g/L FeSO47H2O, 0.1 g/L CaCl22H2O, 0.1 g/L
CoCl26H2O, 0.13 g/L ZnCl2, 0.01 g/L CuSO45H2O, 0.01 g/L AlK(SO4)212H2O, 0.01
g/L H3BO3, 0.025 g/L Na2MoO4, 0.024 g/L NiCl26H2O, 0.025 g/L Na2WO42H2O) in
50 mM phosphate buffer solution (PBS, pH=7, in deionized water): 0.31 g/L NH4Cl,
2.452 g/L NaH2PO4 H2O, 4.576 g/L Na2HPO4, 0.13 g/L KCl. (Cheng, Liu, and Logan,
2006c). For the following cycles and before inoculation with surfactant, each MFC
was fed with 100% medium and no wastewater.
3.3 Experimental conditions
Ten single-chamber air-cathode MFCs (Figure 3.2) were operated in fed-batch mode
for a total of 33 cycles (with each cycle lasting ~ 48 hours in duration). Medium was
replaced at the same time for all reactors when the voltage dropped below ~3 mV,
which took 2 days on average. Experiments were conducted at a constant
temperature of 30°C. The circuit was operated under a fixed load of 1000 Ω, except
as noted.
For the first six cycles, the ten reactors were inoculated with a solution of 50%
wastewater and 50% medium (described above). Once bacteria in the MFC
colonized the anode and voltage generation was steadily observed, 100% medium
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was used to feed all the MFCs (next 15 cycles). For evaluating the effect of two
surfactants on MFC performance, after 30 days of feeding with sole acetate as
substrate, duplicate air-cathode MFCs were spiked (for the last 12 cycles) with two
types of surfactants: (i) the anionic surfactant sodium dodecyl sulfate, SDS (SigmaAldrich) and (ii) the nonionic surfactant Tween® 80 (Sigma-Aldrich). Two
concentrations (10 and 100 mg L-1 in 1 g L-1 sodium acetate) were tested for each
surfactant. A duplicate control test was performed in parallel with no surfactant.
Experimental conditions and reactor configurations were identically maintained for
all ten reactors except the difference of surfactant treatment.

Figure 3.2 – Experimental setup of ten microbial fuel cells
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3.4 Electrochemical calculations and analysis
The voltage across a 1000 Ω resistor was automatically collected every 40 minutes
using a multichannel data acquisition system (Keithley Instruments, OH, USA)
connected to a personal computer.
All electrochemical analyses were conducted once the reactors had demonstrated
repeatable cycles of voltage generation. For acquiring the polarization data, the first
current-voltage analysis was performed just before the reactors were spiked with
surfactant. MFCs were first allowed to equilibrate at open circuit for around one
hour until the OCV was stable. Then, the same resistance series was applied on each
reactor using a variable resistor box and voltage was measured at each interval. The
resistance was lowered stepwise (1000, 900, 800, 700, 600, 500, 400, 300, 250, 200,
150, 100, 50 and 30 Ω), pausing at each resistance setting for about 20 minutes
before switching to the next resistance, with the objective to achieve steady
electrochemical conditions. The anode potential was measured during the same test,
by introducing a reference electrode, Ag/AgCl, (Bioanalytical Systems Inc. BASi, OH)
close to the anode. In order to determine the effect of surfactants in power
generation, a second run of polarization curves was performed five cycles after the
reactors were spiked with surfactant, following the same method as described
above.
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Current (I) was calculated according Ohm's law I  V /R, using the external
resistance (R) and the voltage (V). Power (P) was calculated according to PIV.


Current and power density were normalized to the anode surface area (7.1 cm2).


Coulombic efficiency (CE) was calculated according to (Logan, 2008) and following
equation 1:
tb

CE 
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Where M is the molecular weight of oxygen, I is the current generated in the period
tb (one cycle), F is the Faraday's constant, b is the number of electrons exchanged
per mole of oxygen, VAn is the volume of liquid in the anode compartment (30 ml)
and ∆COD the change of chemical oxygen demand (COD) over tb. COD was measured
for the influent and effluent of one cycle according to standard methods.
Internal resistance Rint was calculated using the slope of the polarization curves
obtained and using equation 2:
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I
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3.5 Cell viability analysis


Viable cells on the anode biofilm, were evaluated by using the LIVE/DEAD®
BacLightTM Bacterial Viability Kit L7012 (Molecular Probes, Inc., Eugene, OR, USA).
This kit contains a mixture of two nucleic acid stains: the green-fluorescence SYTO®
9 (live cells), which labels all bacteria in a population, and the red-fluorescence
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propidium iodide (dead cells), which penetrates only bacteria with damaged
membranes, so when both dyes are present, it causes a reduction in the SYTO 9 stain
fluorescence.
After two months of operation, a small section of anode, randomly selected from
each MFC was cut and mounted onto a glass slide. Then, the anode biofilm was
stained with 1 L of the LIVE/DEAD® BacLightTM Bacterial Viability Kit dye and left
for 15 minutes. A small drop of mounting oil (provided with the Kit) was then
placed at the top of the stained biofilm and a cover slip placed on top. Sample
preparation and staining was conducted under sterile conditions and visualized the
same day.
The stained biofilm samples were visualized using a confocal laser scanning
microscope (CLSM, Carl ZEISS, Inc., USA), equipped with 8 lasers (peaks at 405, 440,
458, 488, 514, 561, 594 and 633 nm). Images of each sample were taken at 10x, 20x
and 40x amplifications. The excitation laser used for both dyes was 488 nm and the
emission range was set up to 490 – 521 nm for SYTO 9 and 570 – 750 nm for
propidium iodide. The pinhole setting was fixed at a value of 90 µm. All these
parameters were fixed for processing the images from all the reactors, to ensure a
reliable comparison. The only parameter that was changed for acquiring a better
image quality was the gain, which determines the magnification factor of the
photomultiplier, as it collects the emission signal and enlarges it. The gain was set
for all the samples to a fixed green/red ratio of 1.07. Images of the 3-dimensional
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biofilm architecture (z-stack) were taken and displayed as z-stack view seen from
the top. Images were analyzed by the CLSM image processing ZEN software.
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IV. RESULTS AND DISCUSSION
4.1 MFCs performance

4.1.1

Voltage profile of control reactors

During the start-up phase (first six cycles), the anode was colonized with
exoelectrogenic microorganisms using wastewater as the inoculum and acetate
solution (1 g L-1) as the substrate.
As is shown in Figure 4.1, after a stable voltage generation, sole acetate medium was
used as the feeding solution. After that, for the control reactors, voltage peaked in a
range of 0.4-0.52 V, for a period of 23 hours and once substrate was consumed,
voltage generation started to drop.
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Figure 4.1 – Voltage profiles of duplicate control reactors

4.1.2

Voltage profile of reactors spiked with surfactants

Once the reactors achieved a predictable and repeatable voltage pattern with 1 g L-1
acetate (21 cycles), they were spiked with two types of surfactants, anionic SDS and
nonionic Tween 80 surfactant, at two different concentrations (10 and 100 mg L-1).
Figure 4.2 and 4.3 show the voltage profile for reactors spiked with anionic SDS
surfactant at 10 and 100 mg L-1, respectively. As can be seen in Fig. 4.2, after
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addition of SDS at low concentration (10 mg L-1), the voltage profile did not change
significantly; the voltage still peaked within a range of 0.4-0.5 V.

Figure 4.2 - Voltage profiles of duplicate reactors spiked with the anionic surfactant SDS (10
mg L-1)

However, when SDS was added at higher concentration (100 mg L-1), the voltage
pattern changed and voltage decreased, from an average voltage production range
of 0.45-0.5 V before the addition of surfactant, to 0.4 – 0.45 V after spiking the
reactors (Fig. 4.3).
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Figure 4.3- Voltage profiles of duplicate reactors spiked with the anionic surfactant SDS (100
mg L-1)

Tween 80 spiked MFCs in this study achieved an average of 0.52 V for 10 mg L-1 (Fig.
4.4) and 0.5 V for 100 mg L-1 (Fig. 4.5). Even though there was no significant
increase in voltage generation after the addition of Tween 80, the reactors
maintained high voltage range (0.4-0.5 V) for a longer period of time, from 23 hours
on average before addition of Tween 80 to 26 (10 mg L-1) and 27 hours (100 mg L-1)
on average after the addition of the surfactant.
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The voltage profiles of SDS spiked MFCs at low concentration (10 mg L-1) and Tween
80 spiked MFCs at both high and low concentrations, were quite similar. All peaked
within a range of 0.45 to 0.52 V. However, in reactors where SDS was added at high
concentrations (100 mg L-1), the voltage peaked within a range of 0.4 to 0.45 V.

Figure 4.4- Voltage profiles of duplicate reactors spiked with the nonnionic surfactant Tween
80 (10 mg L-1)
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Figure 4.5- Voltage profiles of duplicate reactors spiked with the nonnionic surfactant Tween
80 (100 mg L-1)

As previously discussed, the voltage produced by reactors where Tween 80 was
added for either low or high concentrations, 10 and 100 mg L-1, did not suffer a
significant change. This is in contrast to a recent study (Wen et al., 2011), where
voltage increased from 0.461 to 0.594 V when increasing Tween 80 concentration
from 0 to 80 mg L-1, however the experimental conditions (feeding solution glucose
1 g L-1, continuous feeding, working volume of 100 ml), were different from the
current study.
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4.1.3

Polarization and power curves for control MFCs

In a fed-batch MFC, power production can be interfered due to the fluctuation from
positive to negative redox conditions over a cycle (Logan, 2009). Figure 4.6 shows
the maximum power achieved when no surfactant was added to the reactors
(controls). It can be seen that maximum power densities of 547 and 642 mW/m2,
were achieved for control A and control B at a current densities of 2.77 and 2.13
A/m2, respectively.

Figure 4.6 – Polarization (empty symbol) and power density (filled symbols) curves for the
control reactors.

4.1.4

Polarization and power curves for MFCs spiked with surfactants

The effect of SDS on the power output was investigated and results are shown in Fig.
4.7. It can be seen from Fig. 4.7 (A) that power production decreased on average by
13.4% from 642 mW/m2 (control), to 544 and 568 mW/m2 for reactors spiked with
SDS 10 mg L-1.
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(a)

(b)

Figure 4.7 – Polarization (empty symbol) and power density (filled symbols) curves for the
duplicate reactors spiked with the anionic surfactant SDS at a concentration of (a) 10 mg L-1
(b) 100 mg L-1, and a control reactor for comparative purposes.

Fig. 4.7 (B) shows a dramatic decrease, almost 59%, in power production when SDS
at high concentration (100 mg L-1) was added. Power density decreased from 642
mW/m2 (control), to 271 and 261 mW/m2 for reactors spiked with 100 mg L-1 of
SDS. These results demonstrate that the performance of SDS-spiked MFCs was
deteriorated at high concentrations.
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(a)

(b)

Figure 4.8 – Polarization (hollow symbol) and power density (filled symbols) curves of the
duplicate reactors spiked with the nonionic surfactant Tween 80 at a concentration of (a) 10
mg L-1 (b) 100 mg L-1 and a control reactor for comparative purposes.

Power generated suffered almost no change when Tween 80 surfactant was
increased from 0 to 100 mg L-1. It went from 625 and 621 mW m-2 when adding 10
mg L-1 of Tween 80 (Fig. 4.8, A) and to 561 and 642 W m-2 when adding 100 mg L-1
of Tween 80 (Fig. 4.8, B). These values are quite small, e.g. 642 W m-2 is equivalent
to 15.2 W m-3, when compared to the results reported by (Wen et al., 2011) where
maximum power was 187 W m-3 when Tween 80 was added at a concentration of 80
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mg L-1. Further studies should be done to evaluate the effect of the substrate used
(glucose vs. acetate) and the addition of this anionic surfactant.

4.1.5

Anode potentials and open circuit voltage

Lower anode potentials contribute to an increase in cell voltage as the anode is the
final electron acceptor and its potential determines the energy gain by bacteria. To
maximize the MFC voltage it is important to keep the anode potential as negative as
possible, because the higher the difference between the redox potential of the
substrate and the anode potential, the higher the possible metabolic energy gain by
bacteria (Wei et al., 2010), but the lower the maximum attainable MFC voltage.
Theoretically the OCV should approach the cell emf for achieving a better overall
MFC performance (Logan et al., 2006). To further examine the effect of SDS and
Tween 80 with both concentrations on power generation, the open circuit voltage
(OCV), which is the cell voltage that can be measured after some time in the absence
of current (Fig. 4.10), and open circuit potential (OCP) of the anode were measured
(Fig. 4.9). Control reactors showed an OCP value of -0.496 V and an OCV of 0.81 V.
For MFCs spiked with SDS, anode OCP against the Ag/AgCl reference electrode was
around -0.488 (10 mg L-1) and -0.417 V (100 mg L-1) and the OCV of MFC was 0.798
(10 mg L-1) and 0.72 V (100 mg L-1), whereas for Tween 80 spiked reactors anode
OCP was -0.489 (10 mg L-1) and -0.48 V (100 mg L-1) and the OCV of MFC was 0.789
(10 mg L-1) and 0.761 V (100 mg L-1).
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Figure 4.9 – Anode potentials, against Ag/AgCl reference electrode, as a function of current
density for all treatments at different concentrations (0, 10 and 100 mg L-1). Data were
averaged for each duplicate.

As shown in Fig. 4.9, with the addition of Tween 80, the anodic biofilm is able to
achieve higher current densities: 14.06 (10 mg L-1) and 16.6 (100 mg L-1) A m-2,
which results in better power performance, as described above in Fig.4.8 (A) and
(B). Power overshoot was minimized in these reactors as a result of the biofilm
being able to maintain current production as the anode potential becomes more
positive. However, this is not the scenario for SDS spiked reactors. It can be seen
from Fig.4.9 that when the anode potential starts to become more positive, both SDS
anodic biofilms were not able to maintain current production. For the case of SDS
(10 mg L-1), the anode potential started to become more positive below 3.4 A m-2
current densities, as a result, power production decreased (average 544 mW m-2)
and was achieved at lower current densities (average 1.22 A m-2) caused by the
increase in internal resistance (322 Ω), see below Fig. 4.11 and Table 4.1.
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Figure 4.10 – Open circuit voltage (OCV) for all treatments at different concentrations (0, 10
and 100 mg L-1) before and after adding the surfactant to each reactor. Data were averaged for
each duplicate.

The anodic biofilms of reactors spiked with SDS at high concentration (100 mg L-1)
were not able to maintain current production as the anode potential became more
positive. The most dramatic change of OCV was reported for SDS (100 mg L-1)
reactors (Fig. 4.10), where before the addition of SDS, the reactors had an OCV value
of 0.805 V, and dropped to 0.72 V after the addition of SDS. These results indicate
that exoelectrogenic bacteria at the anode biofilm are severely compromised and
power density (average 265 mW m-2) achieved at a current density of 0.73 A m-2 by
these reactors was around 50% lower than what was achieved by the other
treatments reported in this study.
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4.1.6

Overall MFCs performance - Coulombic efficiency, power density,
internal resistance and substrate utilization

The overall power performance is shown in Fig. 4.11. From this graph, it can be seen
that the most detrimental effect of surfactant addition was reported for SDS at 100
mg L-1. Since the biofilm was compromised (see section 4.2) and there were less
active exoelectrogenic organisms, very little current was generated and the
resulting polarization curve showed high internal resistance. These reactors
achieved the lowest power density compared to the rest of the treatments, 265 mW
m-2 on average, and they presented the highest internal resistance 758 Ω (Table 4.1).
It should be noted that even the addition of 10 mg L-1 SDS had a small detrimental
effect (5.4% lower than controls) in the power density (544 mW m-2 on average)
and almost no effect on the internal resistance measured 322 Ω, compared with the
control reactors (Table 4.1).
There is a slight increase in the overall power production when Tween 80
surfactants were added at low (10 mg L-1) and high concentrations (100 mg L-1)
(Table 4.1). The most important result with Tween 80 spiked MFCs was that anodic
biofilms of these reactors were able to maintain higher current densities as the
anode potential became more positive, resulting in a minimization of the frequently
observed phenomenon of power overshoot, which can be seen with the control
reactors in Fig. 4.11.
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Figure 4.11 – Polarization (empty symbols) and power density (filled symbols) curves of all
treatments at different concentrations (0, 10 and 100 mg L-1). Data were averaged for each
duplicate.
Table 4.1 – MFCs overall general performance. Data were averaged for each duplicate.

Max PD
(mW/m2)
Average
current
density
(A/m2)
CE (%)
COD
removal
(%)
Internal
resistance,
Rint, Ω

Control

SDS
10 mg L-1

SDS
100 mg L-1

Tween 80
10 mg L-1

Tween 80
100 mg L-1

574

544

265

623

591

1.57

1.48

0.87

1.65

1.66

12.5

12.3

9.4

15.4

10.8

67

67

80

59

62

318

322

758

216

279

Reactors spiked with Tween 80 achieved the highest average current densities as
shown in Table 4.1, however average current densities from control reactors and
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SDS 10 mg L-1 were quite similar. Low current density was achieved (9.4 A m-2) for
reactors spiked with 100 mg L-1 or SDS.
The highest percentage of COD removal (80%) was achieved for MFCs spiked with
100 mg L-1 of SDS. These MFCs had the lowest CE (Table 4.1), which suggests that
most of the electrons went to oxygen as the electron acceptor instead of the anode.
As shown in Fig. 4.12, the lowest CE (9.4%) reported was for reactors spiked with
100 mg L-1 SDS, followed by 100 mg L-1 Tween 80 (10.8%), 10 mg L-1 SDS (12.3%),
and control reactors (12.5%). The highest CE (15.4%) was reported for MFCs spiked
with 10 mg L-1 of Tween 80.
For all reactors, Coulombic efficiency was quite low (lower than 20%), indicating
that oxygen could be diffusing into the anode. So most of the electrons generated by
bacteria are transmitted to oxygen, using it as TEA, instead of the anode. Electrons
could also be lost due to other competitive metabolic processes such as
methanogenesis. However the CE values obtained in this study are quite similar to
values reported by other studies using similar MFC configurations (using acetate as
substrate in an air-cathode MFC operating at 1000 Ω). Liu et al., 2005 reported a
Coulombic efficiency of 13.2% with acetate concentration of 800 mg L-1, while
Sharma and Li, 2010 reported a CE value of 13% with acetate concentration of 1 g L1.

Lower CE values are achieved in single chamber air-cathode MFCs because of the

lack of a cation exchange membrane, which prevents oxygen diffusion to the anode
but at the same time the CEM increases internal resistance.
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Figure 4.12 - MFC performance (CEs, and PDs) for different types of surfactants. Data were
averaged for each duplicate.

4.2 Cell viability
The live/dead ratio is an indication of metabolically viable cells contributing to
electron transfer on a given surface area (Chae et al., 2009). A higher proportion of
viable cells would be an indication of a greater number of active exoelectrogenic
bacteria releasing electrons to the anode.
In this study, the overall cell viability was similar in the anode biofilms spiked with
Tween 80 at both concentrations and in the reactors using only acetate as the
substrate (Fig 4.13 A, D, E). As it can be seen in Fig. 4.13 (A), (D) and (E), most of the
area presented in the microscopy picture is stained with green, meaning that there
is a significant amount of live cells. This confirms the electrochemical results, which
showed similar PDs and CEs values for these reactors.
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On the other hand, anodic biofilms of reactors spiked with SDS showed an increase
in dead cell (red color). From Fig. 4.13 (B), it can be seen that the biofilm of the
reactor spiked with 10 mg L-1 SDS showed an increase in dead bacteria (more red
dye present), but still there are significant amounts of live cells, which explains the
small decrease in power density and Coulombic efficiency compared with control
reactors.
For MFCs spiked with 100 mg L-1 SDS very few spots of live bacteria (green) can be
identified and the biofilm was completely covered at different depths by dead
microorganisms (red) (Fig. 4.13, C), which explains the poor performance of these
MFCs.
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(a)

(b)

(c)

(d)

(e)

Figure 4.13 – Confocal microscopy images for different types of treatments of MFCs. Z-stack
top view at 40x magnification of (a) control reactor, (b) SDS 10 mg L-1, (c) SDS 100 mg L-1, (d)
Tween 80, 10 mg L-1, and (e) Tween 80, 100 mg L-1 reactors.
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4.3 Discussion
As indicated above, it seems clear that the addition of the anionic surfactant SDS has
a detrimental effect on MFC performance that it is not observed with the addition of
nonionic surfactant Tween 80.
Results obtained where SDS was added at 100 mg L-1 concentration, indicate that
exoelectrogenic bacteria at the anode biofilm was completely destroyed and power
density (average 265 mW m-2) achieved by these reactors is 50% lower than what is
normally reported in literature with similar configurations. For an air-cathode MFC
using glucose as the substrate with an anode made of Toray carbon paper and
carbon felt, power densities of 494 mW m-2 (Liu and Logan, 2004) and 600 mW m-2
(Wen et al., 2011), have been reported respectively. In addition Liu et al., 2005
reported a power density of 506 mW m-2 using acetate as the substrate with an
anode made of Toray carbon paper.
Surfactant concentration in wastewater needs to be considered when scaling-up
MFCs for wastewater treatment. Reactors spiked with low concentration SDS,
showed a slight decrease in overall performance (maximum PD 544 mW m-2, CE of
12.3%, Rint of 322 Ω) when compared with controls and reactors where Tween 80
was added. This small decrease in performance should be taken into account when
designing and implementing this technology for wastewater treatment, as the
domestic wastewater contains concentration of 3 to 15 mg L-1 SDS (Ghiasvand et al.,
2009), but it can contain up to 300 mg L-1 for industrial wastewaters (Scott and
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Jones, 2000; Liwarska-Bizukojc and Bizukojc, 2005). The feasibility of implementing
this technology for treating effluent wastewaters of industries producing
detergents, toothpaste and shampoos will be challenging, as these industries might
have an effluent concentration of SDS in wastewater higher than 100 ppm, so the
anode biofilm will be destroyed and power generation will be compromised.
According to Pmax = OCV2/4Rint, the improvement of MFC can be achieved by both
the reduction in cell losses and the increase in OCVs (Wen et al., 2011), so in general
terms, Tween 80 at low concentration 10 mg L-1, achieved the best electrochemical
performance (maximum PD 623 mW m-2, CE of 15.4%, Rint of 216 Ω, OCV of 0.789 V)
compared with all other reactors, however there are no significant differences
between this concentration and where Tween 80 was added at a concentration of
100 mg L-1 reactors (maximum PD 591 mW m-2, CE of 10.8%, Rint of 279 Ω, OCV of
0.761) and with the control reactors (maximum PD 574 mW m-2, CE of 12.5%, Rint of
318 Ω, OCV of 0.81).
In addition, the results from this research relating the addition of Tween 80 to an
air-cathode MFC, are not comparable with the ones obtained by Wen et al., 2011,
where power density increased from 600 to 5200 mW m-2 when augmenting the
concentration of Tween 80 from 0 to 80 mg L-1. Architecture and different
experimental conditions influence MFC performance. They used 1 g L-1 glucose, 100
ml working volume, carbon felt as the anode and continuous feeding, while in this
study the conditions were 1 g L-1 acetate, 30 ml working volume, carbon cloth as the
anode in a fed-batch reactor.

65
However, power overshoot was minimized in reactors where Tween 80 was added,
as the anode biofilm was able to maintain higher current densities when the anode
potential started to become more positive. This is a positive outcome as higher
power densities could be maintained when current density is increased Fig. 4.11.
Possibly as (Wen et al., 2011) recalled, this is due to an increase in cell membrane
permeability, which adds electron transfer resistance outside the membrane, as
their principal components are made of nonconductive materials, such as lipid or
peptidoglycan (Lovley, 2006). Nevertheless, further studies should be done to prove
this hypothesis.
Oxygen diffusion through the anode compartment is a major concern, as fewer
electrons were captured to produce current. Architecture improvement should be
considered, as Coulombic efficiency for all reactors was lower than 20%. Only a
slight increase in CE, from 12.5% with any addition of surfactant to 15.4% after the
addition, was seen in reactors where Tween 80 was added at low concentration (10
mg L-1), however the CE value (10.8%) when the concentration of surfactant
increased to 100 mg L-1 was not consistent with what Wen et al., 2011 reported. In
their study the Coulombic efficiency of the MFC increased from 10.8 to 36.3% with
the increase of Tween 80 concentration from 0 to 80 mg L−1.
The results discussed above were confirmed with the qualitative analysis of
live/dead biocatalyst present in the anode biofilm. Confocal images show that most
bacteria membranes present on SDS reactors where a concentration of 100 ppm,
were damaged. Reactors spiked with SDS at low concentration show higher amount
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of live bacteria but still some large areas of dead microorganisms. For the other
types of treatments, control and Tween 80 reactors, live/dead ratio of
microorganisms were quite similar.
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V. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
The electrochemical analysis shows lower performance for reactors where SDS was
added, maximum PD 544 mW m-2, CE of 12.3%, Rint of 322 Ω (10 mg L-1) and
maximum PD 265 mW m-2, CE of 9.4%, Rint of 758 Ω (100 mg L-1), but quite stable
performance for reactors where Tween 80 was added, maximum PD 623 mW m-2,
CE of 15.4%, Rint of 216 Ω (10 mg L-1) and maximum PD 591 mW m-2, CE of 10.8%,
Rint of 279 Ω (100 mg L-1). The confocal images confirm this observation and biofilm
viability appear severely compromised in the SDS reactors. However, further
quantitative studies should be done for analyzing with more precision the live/dead
ratio of bacteria.
In this study the internal resistance was presented as a single value, however a
better understanding of the distribution of internal resistance within the MFC can
be achieved performing electrochemical impendance spectroscopy (EIS). With this
technique, it will be possible to analyze what the limiting factors for power output
are once the current flow through the circuit is varied. Internal losses can then be
attributed to activation (transfer of electron from or to a compound reacting at the
electrode surface), bacterial metabolic (increased metabolic energy gain by
bacteria) or concentration (transport of electron donor or acceptor to the electrode
surface) losses. This analysis will be important to be done for better understanding
the relationship and the effect of the addition of SDS at a concentration of 100 mg L-1
and the low power produced.
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Further studies should be done in analyzing the predominant microbial community
present after the addition of both surfactants (SDS and Tween 80) at different
concentrations. In that way it can be evaluated which exoelectrogenic bacteria were
killed with the addition of the anionic surfactant SDS.
Research in the anode design can also go further, not only in increasing its surface
area, but also in improving the access to metabolically viable cells contributing to
electron transfer on a given surface area.
As surfactants are main components in lots of consumer products, they will always
be present in domestic and industrial wastewater at different concentrations. It
would be interesting to analyze if the charge of the hydrophile has a relationship in
the performance of MFCs, further studies could be also done with cationic and
amphoteric surfactants and especially with other types of anionic and nonionic
surfactants as they account for 93% of the total surfactant production (Myers,
2005).
It will be also interesting to measure the surfactant concentration at different times
of the cycle, with methods such as sensitive and selective spectrophotometric and
adsorptive stripping voltammetric (AdSV), to analyze its possible degradation by
bacteria or to further investigate the formation of micelles when adding surfactants
at different concentrations, above and under CMC, for determining its effect in MFC
performance.
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This study opened up a whole new research in determining which types of
surfactants are toxic to the anodic biofilm and to further investigate the feasibility of
this technology in scaling it up for wastewater treatment.
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