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ABSTRACT

Brewing and pulp and paper making are water-intensive industries generating
biodegradable wastewaters that need to be treated prior to discharge. These
wastewaters are generally treated with conventional activated sludge process,
producing good quality effluent. To avoid energy intensive aeration, anaerobic
methods are another option for the treatment. In microbial fuel cells (MFCs),
electrochemically active microorganisms degrade organic compounds with
simultaneous electricity generation. Compared to more traditional methanogenic
treatment, MFCs can be operated at lower temperatures and with less concentrated
wastewaters.
The aim of this work was to study the applicability of MFCs for treatment and
resource recovery from synthetic wastewaters and real brewery and
thermomechanical (TMP) wastewaters. Varying wastewater flow rates and
compositions are typical for industrial operations, but challenging for biological
treatment processes. For this reason, as a preparation to possible process upsets,
different start-up methods were studied to accelerate the start-up of
bioelectrochemical treatment. In addition, stable operation was optimized by
comparing different anode electrode materials and organic loading rates.
The start-up was studied in semi-continuously operated air-cathode and threechamber MFCs, and process optimization in a continuously fed up-flow MFC.
Among studied electrochemical methods, -200 mV vs. Ag/AgCl adjusted anode
potential resulted in the highest average power density of 0.65 Wm-3 after the startup in brewery wastewater fed reactors. MFCs inoculated with stored (at +4 or
-20 °C) anolyte demonstrated for the first time that power densities recovered after
one month storing, but not after six months storing. Granular activated carbon was
the most potential anode electrode material among the studied electrode materials.
In xylose-fed up-flow MFC, organic loading rates of 0.31 and 0.53 gCODL-1d-1
enabled the highest power densities.
This study demonstrates the applicability of brewery and for the first time TMP
wastewaters for bioelectrochemical treatment in MFCs. Power densities can likely be
further increased by optimizing MFC design and operation. Partial removal of
degradable compounds in brewery and TMP wastewater indicated the need for e.g.
aerobic post-treatment.
v
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TIIVISTELMÄ

Olutpanimot sekä sellu- ja paperitehtaat tuottavat suuria määriä jätevesiä, jotka täytyy
puhdistaa ennen vesistöön laskemista. Perinteisesti panimo- ja metsäteollisuuden
jätevesiä on käsitelty aktiivilieteprosessilla, jolla pystytään saavuttamaan hyvä
puhdistustehokkuus. Energiaa kuluttavan ilmastuksen välttämiseksi myös
anaerobisia menetelmiä on hyödynnetty näiden jätevesien käsittelyssä.
Mikrobipolttokennoissa (MFC) elektrokemiallisesti aktiiviset mikrobit tuottavat
hapettamistaan jäteveden orgaanisista yhdisteitä sähköä. Näiden etu perinteisempään
biokaasuprosessiin verrattuna on tehokas toiminta myös suhteellisen alhaisissa
lämpötiloissa ja laimeiden jätevesien käsittelyssä.
Tämän työn tavoitteena oli tutkia MFC:n soveltuvuutta teollisten jätevesien,
kuten panimo- ja sellutehtaan jätevesien, käsittelyyn ja niiden sisältämän kemiallisen
energian hyödyntämiseen sähköntuotannossa. Vaihtelut jäteveden koostumuksessa
ja virtaamassa ovat tyypillisiä teollisissa prosesseissa ja aiheuttavat haasteita
biologiselle jätevedenpuhdistusprosessille. Tämän vuoksi tässä työssä varauduttiin
mahdollisiin
prosessihäiriöihin
tutkimalla
erilaisia
aloitusmenetelmiä
bioelektrokemiallisten käsittelyprosessien käynnistämisen nopeuttamiseksi. Lisäksi
puhdistusprosessin
toimintaa
optimoitiin
vertaamalla
erilaisia
anodielektrodimateriaaleja ja orgaanista kuormitusta.
Aloitusmenetelmiä tutkittiin panostoimisissa ilmakatodi- ja kolmikammioreaktoreissa ja prosessioptimointia jatkuvatoimisessa ylösvirtausreaktorissa.
Panimojätevedellä syötetyssä prosessissa suurimpaan tehontiheyteen (0.65 Wm-3)
aloitusvaiheen jälkeisessä vertailussa päästiin säätämällä aloitusvaiheen
anodipotentiaaliksi -200 mV (Ag/AgCl referenssielektrodiin nähden).
Säilytyskokeissa osoitettiin ensimmäistä kertaa, että kuukauden anolyytin
säilyttämisen jälkeen (+4 tai -20 °C:ssa) tehon tiheys palautui lähes alkuperäisiin
arvoihin, mutta kuuden kuukauden säilytyksen jälkeen tehon tiheys oli hyvin
alhainen. Tutkituista anodimateriaaleista aktiivihiiligranulat osoittautuivat
potentiaalisimmaksi
anodielektrodimateriaaliksi.
Ksyloosilla
syötetyssä
ylösvirtausreaktorissa suurimmat tehontiheydet saavutettiin 0.31 ja 0.53 gCODL-1d-1
orgaanisilla kuormituksilla.
Tämän työn tulokset osoittavat, että panimo- ja TMP-jätevedet soveltuvat
bioelektrokemialliseen käsittelyyn MFC:ssä, mutta jätevesi tarvitsee vielä
YLL

jatkokäsittelyn ennen vesistöön laskemista. Keskimääräisiä tehontiheyksiä pystytään
todennäköisesti kasvattamaan optimoimalla MFC:n rakennetta ja operointia.
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INTRODUCTION

Due to the scarcity of fresh water sources on a global level, efficient wastewater
treatment is of importance to protect environment and secure the availability of safe
water for human and animal consumption and recreational purposes. Many
industries, such as brewing and pulping processes are highly water-intensive.
Brewing industry produces on average 5.5 L of wastewater per 1 L of produced beer
[1] and pulping and papermaking processes e.g. in Europe 9.4-156 L per 1 kg of pulp
(9.4-20 L per 1 kg of mechanical pulp) [2]. With worldwide annual production of
180 Mt of beer (in 2014) and almost 180 Mt of pulp (from which 25 Mt was from
mechanical pulping in 2017), breweries produced close to 1000 Mm3 of wastewater,
pulp and paper processes even more, and mechanical pulping approximately
200-500 Mm3 [1–3].
Today these wastewaters are typically treated with activated sludge processes or
anaerobically in a methanogenic wastewater treatment process [4,5]. Traditional
activated sludge wastewater treatment removes efficiently (up to 98% from brewery
wastewater) chemical oxygen demand (COD) and nutrients [5]. However, the
drawbacks of the process are high energy demand due to aeration (0.24-0.38
kWhkg-1COD-1 being 43-60% of the total energy consumption of the wastewater
treatment plant according to [6]) and generation of high volumes of excess sludge
(0.22-0.37 gvolatile suspended solids per gremoved COD), which needs further treatment [6].
Methanogenic wastewater treatment does not require energy for aeration, but
temperatures over 30 °C and concentrated wastewaters (due to slow growth rate of
methanogens) are needed for optimal performance [7].
The COD concentrations of brewery wastewater vary typically between 2000 and
6000 mgL-1, while in pulping processes the concentrations can vary between 500 and
115,000 mgL-1 [4,5]. Most of the COD load in brewery wastewater originates from
mash and yeast surplus, and in mechanical pulping wastewater from wood fragments
from the chip washing and fibre from the fibre line [2,8]. Methanogens of anaerobic
wastewater treatment process are sensitive to pH variations and toxic compounds in
wastewater [9]. High concentration of washing chemicals from the tank and bottle
washing can cause challenges to methanogenic wastewater treatment of brewery
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wastewaters [8]. Pulping wastewaters contain wood based antimicrobial compounds,
recalcitrant lignin derivatives and potentially toxic compounds from chemical
pulping process, which all are known to be detrimental to methanogens [4,10].
In addition to anaerobic methane production, some early studies have been
conducted for hydrogen production using dark fermentation from brewery and
pulping wastewaters [11,12]. Electricity production with microbial fuel cells (MFCs)
is another anaerobic biological treatment method for brewery and pulping
wastewaters. Compared to methanogenic wastewater treatment, MFCs can be
operated at lower temperatures, are able to treat wastewaters with lower COD
concentration, and are more tolerant to toxic compounds present in many
wastewaters [13,14]. However, decreased material costs are required to make
wastewater treatment in MFCs feasible [15].
So far, wastewater treatment in MFCs has been studied in laboratory and pilotscale. These studies have shown that MFCs can be operated with significantly smaller
energy consumption compared to activated sludge processes, and the bioelectricity
production can be sufficient for covering the energy needed for pumping [13,16].
MFCs can also be installed as a part of operating wastewater treatment processes to
decrease energy consumption and excess sludge volumes [14]. Most of the results
have been obtained in laboratory-scale with reactor volumes varying from milliliters
to liters. These small MFCs are useful for studying reactor materials and microbial
behavior [17–19]. They are also easy to operate and the internal resistances are small
due to the small distances between anode and cathode electrodes [20]. For practical
applications, MFC operation needs optimization to enable high power densities also
in larger scale [21].
In this work, anode electrode materials were compared in respect to electricity
production and scalability of the electrode materials. Also organic loading rate
(OLR), as an important parameter affecting electricity generation and wastewater
treatment, was studied here by changing hydraulic retention time and analyzing
microbial communities of the anolyte at different OLRs. Biological industrial
wastewater treatment is challenging due to the varying wastewater flow rate and
composition [8]. For this reason, this work also focused on different start-up
strategies to enable rapid start-up and recovery of the process after possible process
upsets. This is the first study to demonstrate the recovery of electrochemical activity
of the microbial community in a MFC after storing anolyte at +4 or -20 °C for one
month. Also bioelectrochemical treatment of thermomechanical (TMP) pulping
wastewater was studied for the first time in a MFC.

2

2

2.1

BACKGROUND

Microbial fuel cells in industrial wastewater management

MFCs treat wastewaters, such as brewery wastewater and forest industry
wastewaters, by degrading the organic compounds present in the wastewater with
the help of anaerobic microorganisms simultaneously producing electrical current.
In MFCs, electrochemically active bacteria transfer electrons from the oxidized
substrates outside the cell membrane to a solid anode electrode while ions from the
same degraded compounds are released to the surrounding solution [22]. The anode
electrode is connected through an external resistance to a cathode electrode, where
the electrons and ions from the oxidized compounds react with terminal electron
acceptor (Figure 1).

Figure 1. Schematic diagram of a membrane separated two-chamber microbial fuel cell with anode
chamber on the left and cathode chamber on the right. In the anode chamber,
microorganisms degrade organic compounds and transfer the electrons to a solid anode
electrode with A) direct electron transfer via cytochromes, B) electron transfer via pilus, or
C) via mediators. Electrons are transferred to cathode electrode through a resistor and the
H+ ions through the membrane. On the cathode electrode, the electrons and H + ions react
with terminal electron acceptor (e.g. with O2 to form water).
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MFCs are electricity producing bioelectrochemical systems (BESs) [23]. In other
BESs, the chemical energy from degraded compounds together with a small
additional voltage can be used for producing e.g. hydrogen or other chemicals at the
cathode [23]. All the BES types rely on the electrochemically active microorganisms
capable of delivering electrons to the anode electrode or accepting electrons from
the cathode electrode (in case of microbial electrosynthesis) [23]. These bacteria can
form a biofilm on the electrode, or they can grow as a suspension [24,25]. From cell
suspension, the electrons can be transferred to the electrode via mediators
(compounds secreted by bacteria or added to the solution), such as neutral red,
anthraquinone-2,6-disulfonate, and methylene blue [26,27]. In the biofilm,
microorganisms can utilize cytochromes on the cell membrane or conductive pili for
direct electron transfer (Figure 1). For example, a well-known electrochemically
active species Geobacter sulfurreducens is often found from MFC biofilms, and is
capable to transfer electrons efficiently both via cytochromes and conductive pili
[24]. Pseudomonas sp. on the other hand is able to secrete mediators such as pyocyanin
and pyoveridine for mediated electron transfer [25].
Mixed cultures consisting of several different microorganisms are favored for
wastewater treatment to degrade diverse and often complex wastewater constituents
and to avoid costs related to aseptic conditions required for pure culture operation
[28]. Also the anodic biofilm is favored over the growth of suspended
electrochemically active bacteria due to more efficient electron transfer mechanisms
(via cytochromes or conductive pili) [29]. Some wastewaters, such as municipal
wastewater, are rich sources of microorganisms capable of degrading the compounds
in that specific wastewater, but also other sources of microorganisms can be used
for starting up a new MFC including anaerobic digester sludge [9,30,31], rumen
contents [32], sediments [32], and activated sludge [31]. If available, the use of an
enrichment culture from a MFC with similar operating conditions and treating
similar wastewater, is considered as the fastest method for starting up a new MFC
[33].
Biological treatment of industrial wastewaters may suffer from changes in
wastewater flow and composition. Brewing as batch process produces the highest
wastewater organic loads at tank emptying and washing [34]. Pulping as continuous
process produces more constant wastewater flow and composition, but occasional
shutdowns and following start-ups cause fluctuation in wastewater flow [2]. These
changes appear in treatment plant as cuts in wastewater flow (if wastewater is not
stored in a large reservoir before feeding to the treatment process), overloads, and
increased concentrations of washing detergents, which may damage the microbial
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communities. To recover efficient wastewater treatment and electricity generation
rapidly after severe disturbances without active enrichment culture, efficient start-up
methods, or affordable storing methods for the electrochemically active community
are needed to enrich new inoculum, or to start-up the system fast and efficiently with
stored inoculum, respectively [25].
Enrichment of efficient, electricity producing, microbial culture can be enhanced
e.g. by optimizing OLR (changing hydraulic retention time or diluting wastewater)
and other operational parameters (temperature, pH, external resistance etc.), and by
choosing reactor materials and configuration to promote biofilm formation on
anode electrode and minimize losses in electricity production [25] (discussed in more
detail in Sections 2.3.1-2.3.3). Also suppressing methanogenesis by e.g. starvation
[35], inducing oxygen stress [9], or by adding 2-bromomethanesulfonate [9] have
shown to support the enrichment of electrochemically active bacteria (for a review,
see [36]). At the MFC start-up, enrichment can be speeded up with electrochemical
methods including adjusted anode potential and different external resistances.
However, the results of different research groups with different substrates and
sources of microbial cultures are contradictory showing no consensus whether low
or high external resistances or the more positive or more negative adjusted anode
potentials speed-up electricity production the most [18,33,36–40].

2.2

Biological wastewater degradation in MFCs

In wastewater treating MFCs, various biological and (electro)chemical reactions take
place in the degradation of complex substrates, such as cellulose. Some of the
reactions (marked as green in Figure 2) increase the current production, while the
others (marked as red) compete with electricity generating microorganisms for the
substrate. These competing organisms include methanogens, denitrifiers and sulfate
reducers [28].
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Figure 2. Anaerobic cellulose degradation by microorganisms present in a wastewater treating MFC.
Green lines represent the reactions that can increase the electricity production by
electrochemically active organisms (blue lines) and the red lines represent the competing
reactions. Sulfides can be electrochemically oxidized to solid sulfur on electrode surface.
The form of bicarbonate (HCO3-) depends on pH as shown in the figure. (modified from
[28])

Syntrophic interactions of different organisms are needed for anaerobic degradation
of complex wastewater compounds. The degradation of cellulose, hemicellulose, fats
and proteins starts with hydrolysis by hydrolytic microorganisms (Figure 2). These
bacteria degrade the polymeric compounds to monomeric sugars, fatty acids and
amino acids. Hydrolysis is followed by fermentation to further metabolize the
substrates into volatile fatty acids (VFAs), alcohols, H2, and CO2. Electrochemically
active bacteria are able to utilize simple sugars, VFAs, and alcohols as substrate for
electricity production [28]. For example, the well-known electrochemically active
Geobacter sulfurreducens utilizes acetate and Klebsiella sp. glucose [24,41]. In addition to
syntrophic interactions in degradation of complex polymeric compounds, some
microorganisms are of assistance by maintaining optimal conditions for the others.
For example, the oxygen consumption by facultative aerobic organisms is important
in the reactor designs allowing oxygen penetration to anode, as these
microorganisms help to maintain aerobic conditions [42]. These microorganisms
6

help to maintain anaerobic conditions at the anode. However, facultative aerobic
organisms also compete with electricity production from the substrate decreasing
the efficiency in which the chemical energy of the substrate is converted to electrical
current also known as Coulombic efficiency (CE).
Methanogens metabolize acetate or H2 and CO2 to methane directing acetate
away from electricity generation [43]. If nitrate is available, also denitrifiers decrease
electricity generation by consuming acetate [28]. However, in absence of nitrate,
denitrifiers, such as Comamonas denitrificans, can act as electrochemically active bacteria
utilizing anode electrode as electron acceptor [44]. In the presence of sulfate, sulfate
reducers can decrease electricity generation by consuming organics when reducing
sulfate to sulfide [28]. Sulfide may be toxic to electrochemically active bacteria, but
electrochemical oxidation of sulfide to elemental sulfur on the anode electrode
generates current [45]. Sulfate reducing organisms contain also electrochemically
active species such as Desulfuromonas acetoxidans [26]. Also the effect of
homoacetogens, which metabolize H2 and carbon dioxide to acetate, on electricity
generation in a MFC is complicated [28]. The H2 consumption by homoacetogens
competes with electricity generation, but the produced acetate can be directed to
electricity generation [46].

2.3

Reactor types

Several different reactor designs have been studied for electricity production in
MFCs, but many of these systems have been designed for laboratory use only [22].
As the reactor design is one of the major issues in up-scaling of MFCs, effort has
been invested increasingly on designing up-scalable reactors with low material costs.
The simplest laboratory scale reactors can be built by connecting two bottles with
a salt bridge and electrical wires from electrodes through a resistance [47]. However,
the internal resistance with this system is very high (almost 20000 Ω according to
Min et al. [47]), and can be decreased to below 1300 Ω by changing the salt bridge
to a tube connecting the anolyte and catholyte through a membrane (e.g. cation
exchange membrane), which decreases the diffusion of substrate to cathode and
oxygen to anode (Figure 3A) [47]. These simple reactors are called H-type MFCs
[22]. As easily autoclavable systems, they are especially suitable for pure culture
studies (Table 1) [48].
To further decrease the internal resistance, the membrane area can be increased
and the electrodes brought closer to each other in cubic shaped MFCs [48] (Figure
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3B). Also these reactors are very simple in structure, but varying the shape of the
chambers brings different advantages. E.g. in flow-through MFCs, the reactors have
high width to height ratio and horzontal liquid flow can be directed from one end to
the other, while the chambers form flow channels to increase proton transfer from
anode to cathode [49]. The liquid flow can also be directed upwards to enhance the
mixing of anolyte without clogging the outlet tube with descending biomass, and the
anode chamber can be positioned between two cathode chambers to increase
membrane and cathode electrode area [30]. The cubic configuration also enables
tight packing of reactors. Especially flat versions of the reactors (called flat plates)
provide high membrane and electrode areas, short distance between the electrodes,
and high packing density [50]. For these reasons flat plates are often used as stacks
to combine several MFCs in a small space (Figure 4A).
Tubular MFC configurations also provide short distances between cylindershaped anode electrodes and cathodes. In these nested configurations, electrodes are
separated with a membrane (or other separator material) [51] and the cathodes can
be wrapped around the anode chamber [52] (Figure 3C), or the anode chamber can
be placed around the cathode chamber [53]. Tubular reactors can be operated
vertically with additional up-flow anolyte circulation, i.e. up-flow reactors or downflow circulation as Lu et al. operated [51,54]. Horizontally arranged tubular reactors
are easy to connect one after another [15,52] (Figure 4B). The advantages and
disadvantages of the example laboratory-scale MFC designs are summarized in Table
1.
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Figure 3. Schematic diagrams of widely used simple MFC designs: A) membrane separated H-type
MFC, B) cubic MFC enabling continuous anolyte flow, and C) continuous flow tubular MFC
where a membrane is pressed between the inner anode electrode and outer cathode
electrode. Electrodes are shown in black or grey, membranes in orange, and bacteria in
red.

Figure 4. Examples of two complex reactor designs: A) stacked flat-plate MFCs with granular anode
and metal nets as current collectors (both on anode and cathode), and B) tubular cascade
(numerous MFCs placed one after another) where a membrane is pressed between the
inner anode electrode and outer cathode electrode. In A) microbes (not shown) grow on
granular anode material.
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Table 1.

Examples of MFC designs for laboratory-scale studies and their advantages and
disadvantages.
MFC types

H-type

Simple

Simple: long,
high, flata
Cubic
Complex:
stacked
Simple:
horizontal or
verticalb
Tubular
Complex:
cascade

Advantages

Autoclavable

Good mass transfer, gas
accumulation prevented in
up-flow mode, high surface
area per volume in flat
design
Up-scalable, increased
voltage or current with series
or parallel connection
Suitable for continuous
operation, simple to
construct and operate,
enable small internal
resistance
Easy to connect many
reactors, minimal pumping is
needed, increased voltage
or current with series or
parallel connection

Disadvantages
Not for continuous
operation, high resistance
due to small membrane
area and long distances
between electrodes, only
for laboratory scale studies

Reference

High construction costs

[49,55]

High construction costs,
polarity reversal

[56]

[47]

[57,58]

High construction costs,
polarity reversal

[52,59]

aLong, high and flat represent MFC shapes, from which long reactors are operated horizontally, high
vertically and flat MFCs have the largest membrane area compared reactor volume; bAnolyte flow
through the tubular MFC horizontally or vertically

To avoid the need for catholyte (e.g. in the previously mentioned MFC types), the
cathode electrode can be superimposed over the membrane with other side of the
electrode facing to air to construct an air-cathode MFC. Air-cathodes can be
connected to many reactor configurations (including H-type, cubic and tubular
MFCs) [13,52,60]. Single-chambered air-cathode MFCs are simple, but CE and
power production may suffer from the oxygen penetration to the anode [55]. Also
the reaction rates at air-cathode are limiting the power density without catalysts (such
as platinum) on the cathode electrode [61].
MFCs compete with aerobic wastewater treatment processes and methane
generating anaerobic treatment systems. Feasibility of the MFC technology for
wastewater treatment requires efforts to minimize material costs and improving the
power production coupled to high COD removal. From reactor materials, the
membranes have the highest costs [15]. For this reason, Hiegemann et al. [14] studied
membraneless MFC designs. However, in addition to increased oxygen diffusion to
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anode electrode in air-cathode systems, also very short distance between the
electrodes in membraneless designs may cause electrode contact and short circuiting
[62]. Most wastewaters have low conductivity, which decreases the power density
especially when anode and cathode electrodes cannot be placed very close to each
other (e.g. in membraneless design due to the oxygen diffusion to anode) [62,63].
Reactor design can make use of thin, moldable electrode designs to place the
electrodes close to each other, numerous electrodes to decrease the internal
resistance compared to large electrode with lower anode electrode conductivity, or
capacitive granular electrode material, which can be fluidized to provide short
distance for ion transfer to cathode [64,65].

2.3.1

Anode materials

Anode electrodes provide a solid support for the growth of electrochemically active
bacteria. For this reason, biocompatibility is one of the most important selection
criteria for the anode electrode material. Carbon based electrode materials listed in
Table 2 are all considered as biocompatible [66]. Also most of the metals studied as
anode electrode materials have acceptable biocompatibility, whilst e.g. copper
oxidizes easily and forms toxic oxides and therefore has to be coated to prevent the
oxidation [67]. High specific surface area supports microbial growth and electron
accumulation (double layer capacitance) [66,68]. However, to provide more area for
microbial growth, the electrode surface needs to be accessible for bacteria with a
diameter range of micrometers (e.g. G. sulfurreducens ~ 0.5 μm wide and ~2 μm long
[69]) [70]. For example, in an activated carbon granule, 80% of the total pore volume
are micropores (< 2nm width), which are too small for microbial growth, but support
electron accumulation [68]. Due to the electron accumulation, activated carbon
granules are capacitive enabling their utilization in MFC applications where granules
occasionally collide with a separate current collector e.g. graphite plate [64,68]. These
separate highly conductive current collectors may be needed to decrease internal
resistances in the applications where the selected electrode material is not highly
conductive (e.g. stainless steel frame with multiple cathode sheets), or if the granular
anode material is fluidized [64,65]. Also conductivity and the shape of the electrode
are important electrode material selection criteria to enable efficient electron transfer
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especially in large anode electrodes and to enable short distances between anode and
cathode electrodes in various reactor designs [66].
Table 2.

Typical anode electrode materials and their surface areas and conductivities. Surface
areas are given as appropriate to material (per projected area, volume or mass).

Two dimensional
electrodes
Graphite plate

Surface area
(m2cm-2)
(m2g-1)
0.6

Carbon paper
Carbon cloth

Conductivity
(Sm-1)

[71]
2-3×105

[72]

0.9

19000

[73]

0.11

333

[74]

2.39

[75]

13.89
Titanium
Three dimensional
electrodes
Graphite felt

Reticulated vitreous
carbon
Carbon brush

[76]
2.38×106

Surface area
(m2cm-3)
(m2g-1)
0.33
1.565
2.73 ± 0.05
0.022–0.023
1.1
0.0038

Conductivity
(Sm-1)

370
400–1200

0.018a

Activated carbon
granules
Graphite granules

[72]
Reference
[77]
[78]
[79]
[80]
[70]
[81]
[82]
[83]

7.11b
Graphite brush

Reference

0.0054a
0.0072-0.018a

[84]
[48]
843
885
0.438

940
0.934

750
NA

[74]
[68]
[68]

Carbon or graphite surface area per brush volume; bCarbon fiber specific area; NA not available

a

From the listed electrode materials (Table 2), titanium as metal has the highest
conductivity, but low surface area without special treatments. Graphite based
materials have higher conductivity than carbon materials and both materials are often
used as anode electrodes [21,66]. Brush electrodes have coiled metal core and carbon
or graphite threads provide a solid support for microbial growth [48]. The
conductivity of carbon and graphite brush anodes depend on the length (metal as
current collector) and the diameter (carbon or graphite fibers as current collector) of
the brush.
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Comparison of the specific surface areas of the listed anode materials is
challenging due to their different structure (two- or three-dimensional). Metals and
glassy carbon have small surface areas compared to geometrical surface area.
However, the specific surface area can be increased by roughening [49]. From flat
electrode materials, carbon cloth has higher surface area than carbon paper
according to Zhou et al. and Sakai et al., but Karra et al. measured smaller surface
area for carbon cloth [73–75]. To further increase the surface area of an anode
electrode, different three-dimensional electrodes, such as felts, foams and brushes
have been designed. Reticulated vitrous carbon is a carbon foam with open structure
[81]. Due to the glassy carbon as material, the specific area is lower compared to
other three-dimensional electrodes, but the open structure of the foam supports
mass transport and biofilm formation [70]. Graphite felt has higher specific surface
area (m2m-3) than brush electrodes (Table 2) due to more open space at the outer
edge in the brush electrodes. Activated carbon has the highest specific surface area
among the listed anode materials.
The shape of brush electrode is very suitable for applications, where small
amounts of oxygen diffuses to anolyte, because the oxygen can be consumed in the
outer edges of the cylindrical brush before entering to the center of the brush [62].
Foldable materials, such as graphite felt, are often used as folded to cylinder in
tubular MFCs and plates in cubic MFCs [49,52]. In addition to the listed anode
materials, also different nanomaterials have been studied in small scale reactors (for
a review see [85]), but are not discussed here.

2.3.2

Cathode materials for oxygen reduction

In MFCs, the electrons and ions from substrate oxidation react with terminal
electron acceptor on cathode electrode. As widely available compound, oxygen is
considered as the most sustainable terminal electron acceptor in MFCs, but due to
the high mass transfer efficiency, also soluble ferricyanide has been widely used as
terminal electron acceptor in laboratory-scale MFCs [86,87]. Oxygen reduction rate
at the cathode is often the limiting reaction in electricity generating MFCs [86]. To
increase reaction rate, cathode electrodes can be coated with a catalyst, such as
platinum [88]. However, due to the high costs and potential deactivation problems
of platinum, more affordable solutions for increasing reaction rate have been studied
for wastewater treatment [88]. Among carbonaceous catalysts, higher reaction rates
were measured with activated carbon compared to carbon black possibly due to the
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higher surface area [89]. Platinum group free catalysts, such as Mn, Fe, Co and Ni
with aminoantipyrine precursor have shown higher reaction rates compared to
activated carbon [90].
Most anode electrode materials listed in Table 2 can be used as cathode electrode
as well. Different types of cathode electrodes can be constructed from e.g. carbon
cloth, stainless steel, carbon felt, Ni-based paint and graphite [52,54,89,91]. For
example in tubular air-cathode MFCs, catalyst containing Ni-based paint can be
painted on a waterproof separator as cathode-separator assembly [52]. Also carbon
cloth is suitable for air-cathodes and in laboratory scale two chamber systems,
graphite plates can be used as cathode [14,54]. To increase the conductivity, stainless
steel mesh can be added as current collector [65].

2.3.3

Separators

To increase electricity generation, oxygen diffusion to anode can be suppressed with
a selective membrane between anode and cathode [92]. These selective membranes
have the highest permittivity to ions (H+ with proton and other cation exchange
membranes, or anions such as OH- with anion exchange membrane) [93,94].
However, even the selective membranes cannot totally prevent oxygen penetration
through membrane [55,95]. Another problem with the ion selective membranes is
transportation of other ions than H+ or OH- causing anolyte acidification and
catholyte alkalinity and the increased Ohmic resistance caused by hindered ion
transport especially when treating wastewaters with low conductivity [93,94]. For ion
transportation through membrane, the ions with the highest concentration are
favored. Although the permittivity of proton exchange membrane to H+ is higher
compared to other ions, the ions with significantly higher concentrations compete
with H+ transport [93]. E.g. in buffered solutions, the concentration of the added
salt are usually higher than 1 mM, being several orders higher than the concentration
of H+ (10-7 M at pH 7) [93].
Proton exchange membranes have been used in laboratory scale studies, but they
are too expensive for wastewater treatment [55,92,96]. Another selective membrane
for proton and other positive ion transportation is a cation exchange membrane
(CEM), which is also extensively used in laboratory scale studies [35,91,97]. With
CEM, the electricity generation may be decreased due to the anolyte acidification
resulting from cation accumulation (H+, Na+, K+, Ca2+, Mg2+ and NH4+) on anolyte
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[95,98]. Anion exchange membranes (AEM) selectively pass anions from cathode
side to anolyte decreasing anolyte acidification caused by cation accumulation (for a
review, see Leong et al. [95]). However, all of these membranes are costly for
wastewater treatment and need frequent cleaning or replacement to maintain the ion
flow rate.
Membrane costs can be over 60% of the MFC total material costs [15]. For this
reason, more economical options have been studied for wastewater treatment. In
membraneless designs, oxygen (which is the terminal electron acceptor) can
penetrate to anode decreasing CE and power density. Another option is to use lowcost materials as separator, such as Gore-Tex (polytetrafluoroethylene), Rhinohide,
or polyvinylidene fluoride, although some oxygen can also diffuse through these
materials. [52,91,99]. Also nanofiltration membrane has been studied by Ly et al.,
who reported higher proton permeability and lower oxygen penetration with
nanofiltration membrane compared to a PEM (Nafion 117) [51].
To increase the cathodic reaction rates, membranes and cathodes can be coupled
as membrane-cathode assemblies (or cloth-cathode assemblies) by e.g. hot-pressing
with a conductive paint containing a catalyst [91]. Depending on the reactor
configuration, the membrane-cathode assembly can be flat or e.g. tubular [13,52].

2.4

Energy yields and treatment performances

2.4.1

Brewery wastewater treatment in MFCs

The efficiency of wastewater treatment in MFCs is evaluated by electricity generation
(power density and CE) and COD removal efficiency. For efficient electricity
generation, the presence of electrochemically active microorganisms is crucial.
The highest power density reported with a brewery wastewater has been
24 Wm-3 (Table 3). This was obtained at the highest OLR (17 gCODL-1d-1) used among
the reported brewery wastewater MFC studies [100]. The obtained power density
was encouraging for bioelectrochemical treatment of brewery wastewater, but due
to the low COD removal of 21%, further optimization is required for MFCs to be
used as a part of wastewater treatment process [100].
Low OLR allows more time for efficient COD removal [51]. However, lower
substrate concentrations are present at low OLR resulting in lower power densities.
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For example, among the continuously operated MFCs in Table 3, Lu et al. reported
the highest COD removal of 94.5% at the lowest OLR of 0.31 gCODL-1d-1 with a low
power density of 0.44 Wm-3 [51].
Even though, the highest power density in Table 3 was reported at the highest
OLR, high OLR may lead to low CE. At very low OLR, the growth of methanogenes
is suppressed, which can be used as microbial selection pressure to increase the share
of influent electrons used for electricity generation (i.e. CE) [35]. With brewery
wastewater, the CEs have varied between 5.5 and 28% with OLRs < 1 gCODL-1d-1
(Table 3). High max. power densities can be obtained also at lower OLRs in fedbatch operated MFCs due to the high variation in COD concentrations in time. For
this reason, the studies in Table 3 have been divided in continuous and fed-batch
operated experiments.
Also other operational parameters than OLR affect the electricity generation and
COD removal, such as operation temperatures and wastewater buffering. The
operation temperatures of MFC studies focusing on brewery wastewater treatment
have varied between 20 and 30 °C. According to Feng et al. [63], higher power
densities can be obtained at 30 °C compared to 20 °C due to increased cathodic
performance. Also microbial growth rates and enzyme activity generally increase
with temperature [101]. Most of the MFCs were fed with untreated or diluted
brewery wastewater in Table 3. However, according to Wen et al. [100], PBS
buffering increases COD removal and electricity generation by 14% and 48%,
respectively (results of Wen et al. [100] in Table 3 shown for non-buffered
wastewater). The PBS buffering stabilized pH and decreased Ohmic resistance 26%
by increasing the wastewater conductivity [100].
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Table 3.

Brewery wastewater treatment in microbial fuel cells. The studies have been organized
according to obtained max. power density in continuous and fed-batch experiments.
The bars visualize the differences in max. power density (blue), COD removal (yellow),
coulombic efficiency (red), and organic loading rate (green) between the studies.
[100] [102] [52] [103] [16] [104] [51] [51] [105] [106] [91] [63] [63] [107] [108]

Max power
density

Energy
yield

CE (%)

(Wm )

COD
removal
(%)

Single-chamber

24

21

2.6

17

160

NA

[100]

Single-chamber

9.5

43

10

7.1

75

NAa

[102]

Serpentine-type
Sequential anodecathode two-chamber

4.1

87

6.3

1.1

110

NA

[52]

0.83

94

NA

4.3

5.0

NA

[103]

Rectangular reactor with
numerous electrodes

0.60

88

8

0.55

30

0.6-2.3

[16]

Stirred microbial
electrochemical reactor

0.44

75

1.5

7.4

2

3.2

[104]

Tubular two-chamber

0.44

95

5.5

0.31

36

2.4a

[51]

Tubular two-chamber

0.42

76

7.5

0.39

34

2.4

a

[51]

0.22

82

2.5

4.5

1.5

NA

[105]

Max power
density

CE (%)

Energy
yield

Conductivity

(Wm-3 )

COD
removal
(%)

18

70

27

Continuous reactor
types

Two-chamber
Fed-batch reactor
types
Single-chamber up-flow

-3

OLR
-1 -1

(g CODL d )

OLR
-1 -1

(g CODL d )
1.5

(Whkg COD-1 )

(Whkg COD-1 )

Conductivity
(mScm-1 )

(mScm-1 )

Ref.

Ref.

400

NA

[106]

a

[91]
[63]

Tubular single-chamber

11

93

28

0.14-0.21

NA

6.0

Single-chamber

5.1

87

10

NA

NA

3.2

Single-chamber
Two-chamber

4.3

85

8.9

NA

NA

3.2

[63]

3.8

80

NA

1.0

110

a

[107]

Single-chamber

0.29

93

2.5

NA

NA

NA
4.4

[108]

Conductivity was increased e.g. with PBS, NaHCO3 or NaCl; NA not available

a

2.4.2

Pulp and paper wastewater treatment

The reported COD removal rates of pulp and paper wastewater fed MFCs (≤0.52
gCODL-1d-1 according to Table 4) have been significantly lower compared to brewery
wastewater fed MFCs (0.29 – 5.6 gCODL-1d-1 according to Table 3). Also electricity
generation with 0.04-5.9 Wm-3 power densities and COD removals of 26-78% were
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lower compared to brewery wastewater treating MFCs with 0.22-24 Wm-3 and
21-95%, respectively (Tables 3 and 4).
Pulp and paper wastewaters are characterized by low conductivity (~0.8 mS/cm
Table 4), which decreases power production [84]. For this reason, the addition of
PBS has been studied to increase electricity generation and COD removal [82,84].
According to Huang et al. [82], the PBS addition more than doubled the max power
density. This is higher increase compared to the 48% reported with brewery
wastewaters [100]. The results in Table 4 were reported at room temperature or at
22-26 °C.
Table 4.

Pulp and paper wastewater treatment in microbial fuel cells. The studies have been
organized according to obtained max. power density. The bars visualize the
differences in max. power density (blue), COD removal (yellow), coulombic efficiency
(red), and organic loading rate (green) between the studies [82] [109] [84] [110]

Reactor type

Max. power COD
density removal
(%)
(Wm-3)

CE (%)

5.9

26

21

Single-chamber (continuous)

2.8

41

Single-chamber (fed-batch)

2.67

78

Single-chamber (continuous)

OLR
(g CODL -1d-1)

Energy
yield
(Whkg COD-1)

Conductivity
(mScm-1)
0.8

Ref.

2

270

[82]

39

0.5

330

0.8

[82]

26

0.24

340

1.39

[109]

Single-chamber (fed-batch)a

0.68

76

16

0.03

720

5.9

[84]

Single-chamber (fed-batch)

0.19

29

NA

0.03

540

0.8

[84]

Single-chamber (fed-batch)

0.04

59

NA

1.5

1

NA

[110]

Conductivity was increased with 50 mM PBS; NA not available

a

As Tables 3 and 4 show, the optimal power density, COD removal and CE have not
been obtained at the same time during the bioelectrochemical treatment of brewery
or pulp and paper wastewater. Therefore, the operator needs to choose whether the
aim is to obtain high power densities or high COD removal.

2.5

Scaling up of bioelectrochemical wastewater treatment

Most of the MFC studies with industrial wastewaters have been conducted in small
MFCs (anodic liquid volume ≤ 90 L for brewery (Figure 5) and ≤0.5 L for pulp and
paper wastewater [110]). However, according to Logan, also 1 m3 pilot-scale study
has been conducted in Queensland, Australia with brewery wastewater fed to 12
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vertical MFC modules (each 3 m high) equipped with carbon brush anodes and
graphite brush cathodes (results not available) [111].
In real wastewater treatment applications, the high volumes of the wastewater
require the use of large-scale MFCs or numerous MFCs combined as a stack or a
cascade. For example, Zhuang et al. and Hiegemann et al. connected several MFC
units in cascade or parallel [14,52]. MFC stacks have also been successfully operated
by Ieropoulos et al. for human urine treatment by connecting 432 MFCs to achieve
300 L total volume, but the high number of small reactors increases the material
costs compared to MFCs with high reactor net volumes (liquid volume in the anode
chamber) [112]. On the other hand, the wastewater treatment in MFCs with high
reactor net volumes is challenging due to decreased volumetric power densities
[13,111]. In air-cathode MFCs, this can be due to the smaller cathode area compared
to anolyte volume [65]. Longer distances between electrodes, especially when
wastewater conductivity is low, increase the internal resistance of the system. In
addition, large electrodes have higher internal resistances, which significantly
decrease power density if electrode material is not highly conductive [65,84]. Figure
5 clearly shows that the highest (24 Wm-3) power densities with brewery wastewater
fed MFCs have been obtained in small reactors (0.1 L anodic net volume), while the
power densities in MFCs with volumes >1 L have been only 0.22-4.1 Wm-3. The
highest power density of 4.1 Wm-3 among the MFCs with 1-100 L volume has been
obtained in 10 L reactor net volume. This 10 L serpentine-type air-cathode MFC
stack with 40 MFC units was operated in series enabling comparatively high
electricity generation [52].
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Figure 5. Volumetric power densities (W/m 3) as a function of reactor net volume (anode chamber
liquid volume in litres) obtained from MFCs treating brewery wastewater. Referred MFC
studies are listed in Table 3.

Various reactor designs have been studied to increase the electrode and membrane
areas, or to decrease the distance between anode and cathode electrodes in MFCs
with higher net volumes (Table 5). For example, Dong et al. increased the anode and
cathode areas by placing numerous anode-cathode modules in one anode chamber
with a volume of 90 L [16], while Rossi et al. studied multipaneled cathodes in 85 L
MFC to increase the size of the cathode electrode without increasing the internal
resistance caused by the long distances for electron transfer in a single electrode [65].
To decrease internal resistances caused by long distances between electrodes
(especially with low conductive wastewaters) and small electrode area, Wang et al.
and Deeke et al. studied fluidized systems with granular anode electrode material to
bring anodic biofilm occasionally close to cathode electrode [64,113]. Moving
capacitive anode particles transferred their charge for anodic current collectors at
occasional collisions. Anode material fluidization also enables good contact between
biofilm and available substrates in wastewater, but the need for recycle pump to keep
granules fluidized increase the energy consumption [113]. This reactor design has
been operated in 1-2 L volume, but the reactor design could be easily scalable with
high COD removal efficiency [64,113]. All the example designs listed in Table 5
contained air-cathode, where efficient catalyst is needed to reach high power
densities and diffusion layers, but avoid the need for catholyte solution.
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Table 5.

Examples of different continuously operated reactor designs (1-1000 L) for up-scaling.

MFC type (and volume)

Anode electrode

Cathode electrode

Reference

Serpentine-type air-cathode
stack (10 L)

Graphite felt

Cloth cathode assembly
(conductive catalytic layer
painted on PTFEa)

[52]

Carbon brush

Activated carbon and PTFEa

[16]

Baffled air-cathode MFC with
anode-cathode modules (90L)
Membrane-free air-cathode
containing 4 MFC units (45 L)
Stackable horizontal plug flow
air-cathode MFC (1000 L)
Rectangular tank multi-panel
air-cathode MFC with multiple
anodes (85 L)
Membrane-free fluidized bed
with air-cathode (1L)

Graphite brush
Carbon brush

Carbon cloth with diffusion
layers and platinum catalyst
Carbon mesh (with platinum
catalyst)

[14]
[13]

Graphite brush

Activated carbon and PTFEa on
stainless steel mesh

[65]

Activated carbon
granules with graphite
rod current collector

Carbon cloth with diffusion
layers and platinum catalyst

[113]

PTFE = polytetrafluoroethylene

a

2.6

Wastewater management and energy recovery with
anaerobic bioprocesses

Brewery wastewater has been treated anaerobically in large-scale only by
methanogenic wastewater treatment. Electricity production in MFCs and hydrogen
production with dark fermentation are potential options for wastewater treatment,
but so far most studies (except for one pilot with 1 m3 volume [111]) have been
conducted in laboratory scale (up to 90 L as shown in Figure 5 in section 2.5). To
compare energy yields obtained as methane, hydrogen and electricity, obtained yields
of these energy carriers have been converted to Wh per kg of removed COD using
the lower heating values of 35.86 MJm-3 and 10.78 MJm-3 for methane and hydrogen,
respectively.
The energy yield values from selected brewery wastewater treating methanogenic
wastewater treatment processes were 2600 - 3100 WhkgCOD-1 (Table 6). With dark
fermentative hydrogen production, the energy yield from up-flow anaerobic contact
filter reactor was approximately 20% of the methanogenic wastewater treatment
energy yield, and with bioelectrochemical treatment, only 1-4%, being remarkably
lower compared to both methanogenic wastewater treatment and dark fermentative
hydrogen production. However, COD degradation in MFCs (85-95%) was at the
same level with methanogenic wastewater treatment (80-98%), while with dark
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fermentative hydrogen production the COD degradation was lower (69%). In dark
fermentative hydrogen production, the carbohydrates are efficiently transformed to
hydrogen and other compounds, but the VFAs left in the effluent decrease the COD
removal [114]. For this reason, COD removal was lower compared to
bioelectrochemical treatment and methanogenic wastewater treatment.

Table 6.

Energy recovery and COD removal efficiency from brewery wastewater in various
continuous anaerobic treatment systems including methanogenic wastewater
treatment (often called anaerobic digestion AD), dark fermentative hydrogen
production (DF) and electricity generating microbial fuel cells (MFC). The bars
visualize the differences in energy yield (blue), COD removal (yellow) and organic
loading rate (green) between the studies. [115] [116] [116] [11] [52] [51] [16]

Bioprocess and

Energy yield COD removal

OLR

Influent

Reference

3.5-11.5

brewery wastewater

[115]

80

7.4

brewery wastewater

[116]

2600

90

8.3

brewery wastewater

[116]

490

69

2.5

brewery wastewater

[11]

110

87

1.1

brewery wastewater

[52]

MFC Laboratory scale
(20 L) tubular twochamber

36

95

0.31

brewery wastewater
diluted with 1g/L

[51]

MFC Laboratory scale
(90 L) modular aircathode MFC

33

(Whkg COD )

(%)

(kg CODm-3 d -1)

AD Laboratory scale
anaerobic membrane
bioreactor

3100

98

AD Full scale (850 m 3)
biogas-lift reactor

2900

reactor type

AD Full scale (850 m 3)
biogas-lift reactor
DF Laboratory scale
anaerobic contact filter
MFC Laboratory scale
(10 L) tubular MFC

-1 a

NaHCO 3
88

0.55

brewery wastewater

[16]

aVolumetric lower heating values of 35.86 MJm-3 and 10.78 MJm-3 were used for methane and
hydrogen, respectively. These values were obtained from [117] using the density 0.717 kg/m3 and
0.0899 kg/m3 for hydrogen and methane, respectively.

The methane yields from various mechanical pulp mill wastewater treatment
processes collected by Meyer and Edwards [118] were between 0.18 and 0.4 m3methane
per kgremoved COD corresponding to energy yield of 2000-4000 Wh per kgremoved COD.
The energy yields were at the same level with the energy yields obtained from
brewery wastewater treatment (Table 6). There are only few studies on of dark
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fermentation and MFC operation with pulp and paper wastewaters showing energy
yields of 44-330 WhkgCOD-1, which were ≤20% of the methanogenic wastewater
treatment energy yields (Table 7).
COD removals with pulping wastewaters in MFCs and methanogenic wastewater
treatment (26-41% and 45-83%, respectively) were lower compared to brewery
wastewater studies due to the presence of slowly degrading lignins and cellulose
[82,118,119]. However, methanogenic wastewater treatment is susceptible to toxic
compounds, and the wood based antimicrobial compounds or process chemicals
may disturb the process [9]. With dark fermentative hydrogen production, the COD
removal from pulp and paper wastewater was higher (74-75%) compared to COD
removal from brewery wastewater (69%), but due to the operation as batch process,
the results are not comparable and in the study of Dessí et al. [12], the removal was
potentially affected by COD adsorbance on granular activated carbon which was
used as the solid support for microbial growth (Tables 6 and 7).
Table 7.

Energy recovery and COD removal from pulp and paper in various anaerobic
treatment systems including methanogenic wastewater treatment (often called
anaerobic digestion AD), dark fermentative hydrogen production (DF) and electricity
generating microbial fuel cells (MFC). The bars visualize the differences in energy
yield (blue), COD removal (red) and organic loading rate (green) between the studies.
[119] [12] [82] [82] [120]

Bioprocess and
Energy yield
reactor type
(Whkg COD-1 )a
AD Laboratory scale (6 L)
submerged anaerobic
1700
membrane bioreactor
DF Laboratory scale (17
330
mL) anaerobic tubes
MFC Laboratory scale air330
cathode reactor
MFC Laboratory scale air270
cathode reactor
DF Laboratory scale (1 L)
stirred bioreactor

44

COD
(%)

OLR
(kg CODm-3d -1 )

83

2

74

batch operated

Influent

Reference

TMP wastewater

[119]

unamended TMP
wastewater
unamended paper
0.5
recycling wastewater
unamended paper
2
recycling wastewater
enzymatically
batch operated hydrolyzed raw pulp
and paper wastewater

41
26

75

[12]
[82]
[82]

[120]

aVolumetric lower heating values of 35.86 MJm -3 and 10.78 MJm-3 were used for methane and
hydrogen, respectively. These values were obtained from [117] using the density 0.717 kg/m3 and
0.0899 kg/m3 for hydrogen and methane, respectively.

In addition to wastewater treatment, the excess biomass generated during the
wastewater treatment needs treatment, such as drying. Streeck et al. calculated low
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biomass growth of 0.05 gbiomass COD per gremoved COD (based on general equations for
bacterial growth and decay) for an electrochemically active microbial community in
a MFC [121]. Turkdogan reported significantly higher biomass growth of
approximately 0.5 gVSS per gremoved COD for pulp and paper wastewater fed
methanogenic wastewater treatment processes, but their comparison with other
studies revealed high variation in biomass yields (from 0.06 to 0.5 gVSS per gremoved
COD) between different methanogenic wastewater treatment studies [122]. The
variation in biomass growth yields between studies is caused by differences in
operational parameters, feed and inoculum composition [122,123]. No measured
biomass growth results were found for dark fermentative hydrogen production, but
Oh et al. assumed 0.1 gVSS per g glucose at 55 °C [124].
If the availability of VFAs (the preferred substrate of electrochemically active
organisms) is limiting electricity production, different pretreatment methods can be
utilized for degrading organic wastewater compounds. According to Butti et al. [25]
physical (heat treatment, ultrasonication, microwave treatment, sterilization,
freezing/thawing and solid-liquid separation), chemical (base treatments) and
biological treatments (fungal treatment and prefermentation) have been studied with
different to wastewater type. Integration of various processes has also intrigued
researchers. For example, Katuri et al. combined methanogenic wastewater
treatment with a MFC in an up-flow reactor to break down the complex compounds
in high strength wastewater by methanogenic treatment before the
bioelectrochemical treatment [106]. Wang et al. studied brewery wastewater
treatment by combining a MFC with anaerobic wastewater treatment to operate the
combined system at high OLR of 7.4 kgCODm-3d-1 [104], as for Sangeetha et al. and
Tejedor-Sanz et al. combined MEC to methanogenic wastewater treatment and
electrocoagulation, respectively [125,126], and Liu et al. combined a MFC with
aerobic or anaerobic membrane bioreactors[127].
In summary, the large scale studies of methanogenic wastewater treatment have
shown high energy yields with brewery and pulp and paper wastewaters. However,
due to the lower biomass production, lower operation temperatures and lower
susceptibility to inhibitory compounds in wastewater, electricity producing MFCs
have several benefits compared to methanogenic wastewater treatment when
treating industrial wastewater [13,14]. However, further research is required to
optimize power density and COD removal for wastewater treatment in larger scale.
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3

RESEARCH HYPOTHESES AND AIMS

The main focus of this work was to study the applicability of MFCs for treatment
and resource recovery from industrial wastewaters. This was done by studying
various start-up protocols and MFC designs, anodic electrode materials and
operational conditions with synthetic and real industrial wastewaters.
Changes in industrial wastewater composition and flow rate may damage
electrochemically active microbial community e.g. by inhibition, wash-out and
starvation. To meet treatment requirements, prompt recovery of biological treatment
process is of high importance. The fastest method for starting up a new MFC is to
use an enrichment culture from similar operating conditions [36]. However, if such
enrichment culture is not available, it was hypothesized that the start-up of MFC can
be accelerated with e.g. electrochemical methods. Published results regarding the
optimal adjusted anode potential or external resistances for electricity generation and
start-up time are contradictory [18,33,37–40]. For this reason, the various adjusted
anode potentials and external resistances were compared for start-up of identical
brewery wastewater fed BESs (Paper I).
Another strategy for prompt start-up without existing enrichment culture is to
store microbial community for further use. It has been demonstrated that anaerobic
sludge survives well by drying [128] and aerobic granules as dewatered pellets [129],
but little is known about the survival of electrochemically active microorganisms
upon storage. Alam et al. studied the storing of biofilm on anode electrodes by
refrigeration, freezing and dehydration, but the original current densities were not
recovered [130]. They suggested that the decreased current densities were due to
presence of dead cells in the biofilm preventing the contact between living cells and
the electrode. Therefore it was hypothesized that MFCs can be effectively seeded
with stored anolyte from working MFC to enrich an anodic biofilm in a new MFC.
At e.g. pulp and paper wastewater treatment plant, storing of anolyte could be used
as a preparation for process upsets. For this reason, the viability of stored
electrochemically active anolyte cultures and start-up times of the xylose fed MFCs
were studied by inoculating new MFCs with refrigerated or freezed anolyte samples
from a xylose fed MFC (Paper II).
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Thermomechanical pulping (TMP) wastewater is an example of industrial
wastewater containing biodegradable organic compounds. TMP wastewaters are
generated in large quantities, but there are no previous studies on bioelectrochemical
TMP wastewater treatment. TMP is a mechanical pulping process and for this
reason, TMP wastewater contains less toxic chemicals compared to wastewaters
generated during chemical pulping. It was hypothesized that TMP wastewater is
amenable to bioelectrochemical treatment because of its chemical composition, i.e.
it contains easily anaerobically biodegradable organic compounds and lacks
inhibitory compounds. The previous studies with other pulp and paper wastewaters
have shown that power densities were restricted by low wastewater conductivity
[82,84]. To increase buffering capacity and conductivity, NaHCO3 was added to
TMP wastewater. Bioelectrochemical TMP wastewater treatment was studied in a
continuously operated up-flow MFC (Paper III).
Efficient bioelectrochemical wastewater treatment requires optimization of
MFC design and operational conditions. It was hypothesized that anode electrode
material selection significantly influence electricity generation and wastewater
treatment efficiency. Therefore, the performance of a xylose-fed up-flow MFC was
compared using various carbon-based (graphite plate and carbon cloth, with and
without zeolite coating), metal-based (tin coated copper) and metal-carbon
composed (granular activated carbon in stainless steel cage) anode electrode
materials (paper III). OLR and HRT affect electricity generation in MFCs, because
power densities increase with OLR, but at too low HRTs, diffusion and mass transfer
limitations and the growth of other than electrochemically active organisms are
increased [131,132]. Lay et al. [54] optimized recirculation rate of an xylose fed upflow MFC for electricity generation. In this study, the electricity generation was
further optimized by studying the ability of an up-flow MFC to convert xylose to
electricity at HRTs of 0.17-3.5 d and OLRs of 0.15 to 3.2 gCODL-1d-1 (paper IV).
It was hypothesized that anolyte storing methods and times (refrigeration and
freezing) and different electrochemical start-up protocols affected anode electrode
biofilm microbial communities. For this reason, polymerase chain reaction
denaturation gradient gel electrophoresis (PCR-DGGE) analyses were conducted in
the end of the MFC operation for comparing the DGGE profiles and identifying
microorganisms enriched in the biofilm (papers I and II). PCR-DGGE analysis was
also conducted after more than 200 d operation of xylose-fed up-flow MFC with
decreasing HRTs to identify the enriched microorganisms on anode biofilm (paper
IV).
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Based on the hypotheses above, the general objective of this thesis was to enhance
reliability of MFC operation with industrial wastewaters by optimizing anode
electrode materials, operational parameters and start-up protocols. The specific
objectives of this thesis were as follows:
x

Compare different electrochemical start-up protocols (various adjusted
anode potentials and external resistances) and anolyte storing at +4 °C and
-20 °C for prompt BES recovery (papers I and II).

x

Compare electricity generation with different anode electrodes and evaluate
their potential for up-scaling (paper III).

x

Study the effect of OLR on electricity generation and xylose degradation in
an up-flow MFC (paper IV).

x

Study the amenability of brewery and TMP wastewaters to
bioelectrochemical treatment in an up-flow MFC and delineate the
compositional changes occurring during the treatment (papers II and III).

x

Study the viability of electrochemically active bacteria and the microbial
community composition after stable operation following anolyte
refrigeration or freezing and different start-up protocols (papers I and II).
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4

4.1

MATERIALS AND METHODS

Experimental designs

The experimental designs used to study the effect of start-up protocols, anolyte
storing, anode electrode material comparison and treatment of TMP wastewater, as
well as HRT on MFC performance are visualized in Figures 6, 7, 8 and 9,
respectively.

Figure 6. Schematic diagram of the experimental design related to start-up protocols (paper I).
Different start-up protocols were used for enriching electrochemically active microbial
community and after the start-up, the performance of the MFCs was compared in similar
conditions (with 47 Ω external resistance).
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Figure 7. Schematic diagram of the experimental design related to MFC start-up with stored
(refrigerated or freezed) anolyte (paper II). The effects of different inoculum storing
methods on the start-up time, electricity generation and xylose oxidation were studied
under similar conditions.

Figure 8. Schematic diagram of the experimental design on anode electrode comparison and TMP
wastewater treatment (paper III). In the first part of the experiment, different anode
electrode materials were compared. In the second part, thermomechanical pulping
wastewater treatment was studied with the selected anode (GAC in SS cage). (Modified
from paper III).
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Figure 9. Schematic diagram of experiments focusing on the effect of HRT (paper IV). The effect of
HRT on the performance was studied in continuously operated up-flow MFC after the
semi-continuous start-up phase. HRT was decreased until the operation failed due to
clogging of recirculation tube. Membranes were changed on days 78, 117, 132, and 160.

4.2

Sources of microorganisms

Mesophilic microbial communities originating either from anaerobic digesters or
compost (Table 8) were pre-enriched in MFCs using xylose as substrate (papers II,
III and IV), or they were enriched during the studied operation period (paper I).
Enrichment was always started in semi-continuous operation mode. To transfer an
enrichment culture into a new MFC, 10% (v/v) of anolyte from an operating MFC
was mixed with the anolyte in the new MFC. Enrichment culture in experiments
focusing on optimizing OLR of an xylose-fed MFC (paper IV) was pre-enriched by
Mäkinen et al. [133] and Lay et al. [54] (Table 8).
Table 8.

Sources of electrochemically active microbial communities.
Source

Anaerobic digestate from municipal wastewater treatment plant
(collected on January 2017)
Anaerobic digestate from municipal wastewater treatment plant
(collected on February 2015)
Compost culture (received from C-H. Lay [54])

4.3

Substrate at MFC
studies
Brewery wastewater

Paper(s)

Xylose or TMP
wastewater
Xylose

II, III

I

IV

Synthetic and real wastewaters

MFCs were fed with synthetic (xylose containing) or real brewery or TMP
wastewaters (Table 9). Due to the low buffering capacities, the real wastewaters were
supplemented with NaHCO3. Synthetic wastewater was buffered with 10.7 gL-1
NaH2PO4, 3.2 gL-1 Na2HPO4 and 4 gL-1 NaHCO3.
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Table 9.

Real and synthetic wastewaters used as feed in the MFC experiments.
Source

Main substrates for
microorganisms

Supplementations

Paper(s)

Ethanol, sugars

2.0 gL-1 NaHCO3

I

Xylose

-

II, III, IV

Cellulose and
hemicellulose based
(poly)saccharides

0.8-2.0 gL-1 NaHCO3

III

Real wastewater from a
Finnish brewery
Synthetic wastewater
(prepared in laboratory)
Real wastewater from a
Finnish TMP pulp mill

4.4

Reactor designs

Electricity generation was studied in laboratory-scale air-cathode, three-chamber and
up-flow MFCs (Table 10 and Figures 10 and 11).
Table 10.

Continuous or semi-continuous microbial fuel cells used for electricity generation.

Reactor design
(anode
chamber
volume (L)

T (°C)

Air-cathode
(0.123)

ca. 29-30

Three-chamber
(0.123)

ca. 29-30

Up-flow (0.5)

37

Up-flow (0.5)

37

Up-flow (0.5)
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Specifications
Anolyte circulated through a bottle in 37 °C water
bath, (CEM 41 cm2) with Pt catalyst, carbon cloth
cathode
Anolyte circulated through a bottle in 37 °C water
bath, CEM (41 cm2) with PtNi catalyst, carbon cloth
cathode, catholyte: aerated phosphate buffer
solution
AEM (16 cm2), graphite plate cathode K3Fe(CN)6
catholyte
CEM (16 cm2), graphite plate cathode, K3Fe(CN)6
catholyte
AEM (16 cm2), graphite plate cathode, K3Fe(CN)6
catholyte circulated

CEM = cation exchange membrane; AEM = anion exchange membrane
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Number of
electrodes

Paper

2 anodes,
2 cathodes

I

2 anodes,
2 cathodes

II

1 anode,
1 cathode
1 anode,
1 cathode
1 anode,
1 cathode

III
III
IV

Figure 10. Air-cathode and three-chamber MFCs used in papers I and II. A) Schematic diagram of
anolyte circulation and catholyte aeration in the three-chamber MFC (membranes
highlighted with orange), B) photograph of electrode materials and anode compartment
with anode electrodes installed and C) photograph of the three-chamber MFC (on the left)
and the air-cathode MFC (on the right). (Photos: J. Haavisto)

Figure 11. Up-flow MFC used in papers III and IV. A) Schematic diagram of the MFC and electrical
connections (catholyte circulation was not used in paper III) and B) a photograph of the
MFC. (Photo: J. Haavisto)
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4.5

Electrodes

Anode electrodes used in this study were graphite plate, carbon cloth, tin coated
copper, granular activated carbon in stainless steel cage and carbon brush (Figure
12). Carbon cloth and graphite plate were used also as cathode electrodes.

Figure 12. Photographs of anode electrodes used in papers I – IV. A) Graphite plate (papers III and
IV), B) Carbon cloth (paper III), C) tin coated copper (paper III), D) Granular activated
carbon in stainless steel cage (paper III), and carbon brush (papers I and II). (Photos: J.
Haavisto)

4.6

Analytical methods

The electrochemical and chemical analyses conducted in this study are summarized
in Table 11. In addition, microbial community was studied in papers I, II, and IV
with PCR-DGGE. For the community analysis, microbial DNA was extracted from
detached biofilm sample and amplified with PCR. Sequences from different
organisms were separated with DGGE for DNA sequencing and further
identification based on 16SrRNA (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Table 11.

Summary of electrochemical and chemical analyses conducted in this study.

Analysis
Conductivity
COD
CV/LSV
Ethanol,
butanol,
acetate,
propionate,
isobutyrate,
butyrate, valerate)
pH
Sugars
Temperature
Voltage, electrode potential
Current
Alkalinity
N
PO4-P
Anode potential compared to
Ag/AgCl reference electrode
Biofilm protein mass
BOD
Microbial viability
Solids (VS, VSS, TS, TSS)
CEM fouling and electrode
surface morphology
Cations (sodium, potassium,
magnesium, calcium)
Monosaccharides
(glucose,
xylose, arabinose, galactose and
cellubiose

4.7

Instruments
Multimeter
Heater, titrator
Potentiostat
Gas chromatograph

Paper(s)
I, III
I, III
I, II, III
I, II, III, IV

pH electrode
Spectrophotometer
Thermometer,
temperature
electrode
Datalogger or multimeter
Potentiostat
pH electrode, titrator
Heater, spectrophotometer
Spectrophotometer
Datalogger or digital multimeter

I, II, III, IV
I, II, III, IV
I, III, IV

Freeze
drier,
balance,
spectrophotometer
OxiTop measuring system
Epifluorenscence microscope
Oven, furnace, balance
Scanning electron microscope
(SEM) equipped with an energy
dispersive spectrometer (EDS)
Ion chromatography

I

High
performance
liquid
chromatography (HPLC)

III

I, II, III, IV
I, II, III
I, III
I, III
I, III
I, II, III, IV

I
II
III
III
III

Calculations

Current (I) and power (P) were calculated according to Ohm’s law (Equations 1 and
2) from the measured voltage (V) and the external resistance (R):
ܫൌ


ோ

ܲ ൌ ܷܫ

(1)
(2)

Power density was calculated with relation to anode electrode projected area (both
sides included) or to anode chamber volume. The measured carbohydrates and
VFAs (CxHyOz) were converted to theoretical COD by multiplying the mass of
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organic molecules with a coefficient calculated according to van Haandel and Van
der Lubbe [134].

ܦܱܥ௧௧ ൌ

଼כሺସ௫ା௬ିଶ௭ሻ
ଵଶ௫ା௬ାଵ௭

ǡ

(3)

where x, y and z represent the number of carbon, hydrogen and oxygen atoms in an
organic molecule. Coulombic efficiency (CE) was used to relate the produced
electrical energy in coulombs divided by the electrical energy theoretically releasable
from the substrate using Equation 4:
 ܧܥൌ

 ூௗ௧
ி

,

(4)

where n is molar amount of substrate, F is Faraday constant, and b is the amount of
electrons releasable per mole of substrate. The theoretically releasable energy was
calculated for the fed COD (in papers I and IV), removed xylose (in paper II), or
removed (theoretical) COD (in paper III).
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5

RESULTS AND DISCUSSION

The effects of different start-up methods (electrochemical protocols and anolyte
storing) and means for process optimization (anode electrode materials and
hydraulic retention time) on electricity generation were studied (Table 12).
Bioelectrochemical treatment of industrial wastewaters was studied in semicontinuous air-cathode and three-chamber BES and continuously operated up-flow
MFC (Table 12). The results with different substrates, reactor configurations and
operation modes (semi-continuous vs. continuous) are not comparable, but give an
indication of the effects of different parameters on electricity generation.
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Table 12.

The effects of compared operational conditions, electrode materials and substrates on
volumetric power densities and Coulombic efficiencies (CEs). The colored bars
visualize the effect of compared parameters and experimental designs (e.g. reactor
design and substrate) on power density and CE.

Compared operational conditions, Power density
anode materials, or substrates
(Wm-3 )
c
Electrochemical start-up protocols
0.65
-200 mV anode potential
c

in semi-continuous

0 mV anode potential

air-cathode MFC

50 Ω external resistance c

(Paper I)

a

1000 Ω external resistance

c

CE (%)
12

0.42

12

0.36

11

0.26

12

Anolyte storing

1 month at -20 °C

1.8

14

in semi-continuous

1 month at +4 °C

1.2

12

three-chamber MFC
(Paper II)

b

Anode electrode materials

6 months at +4 °C

0.07

2.8

6 months at -20 °C

0.004

0.7

Carbon cloth

3.7

20.2

in continuous up-flow MFC

Graphite plate

3.5

19.4

(Paper III)b

GAC in SS cage

3.1

18.3

Zeolite coated carbon cloth

3

18

Hydraulic retention time

3.5 d HRT

2.1

30.3

in continuous up-flow MFC

1.7 d HRT

3.05

18.2

(Paper IV)b

Industrial wastewater treatment
(Papers I and III)

1 d HRT

2.42

9.2

0.75 d HRT

0.77

3.9

0.5 d HRT

0.69

2.5

0.33 d HRT

0.53

1.5

0.17 d HRT

0.39

0.6

Brewery wastewater (air-cathode MFC)

0.51

11.8

TMP wastewater (up-flow MFC)

0.24

1.5

Fed with brewery wastewater; Fed with xylose; The results of electrochemical start-up protocols
were obtained with 47 Ω external resistance after the different start-up protocols were utilized.
a

5.1

b

c

Storing and enrichment of electrochemically active cultures

As a preparation to operational upsets during MFC operation, electrochemical startup protocols (paper I) and inoculum storing (paper II) were studied. To decrease lag
time for electricity generation, especially when active enrichment culture is not
available, electrochemical methods, such as optimization of adjusted anode potential
or external resistance, can be utilized for enrichment of electrochemically active
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microbial culture (paper I). Due to contradictory published results regarding the
optimal anode potential or external resistances for enrichment of electrochemically
active microbes [18,33,37–40], two adjusted anode potentials (-200 or 0 mV vs.
Ag/AgCl) and external resistances (50 or 1000 Ω) were studied in brewery
wastewater fed air-cathode BES reactors. The reactors were named based on the
start-up protocols as follows; BES-200mV, BES0mV, BES50Ω and BES1000Ω. Highest
power densities after start-up were measured with BES-200mV (Table 12).
Even though the current densities during the start-up stabilized faster in BES50Ω
and BES1000Ω, ten-fold higher average current densities measured in BES-200mV and
BES0mV during the start-up showed that adjusted anode potentials accelerated the
current generation more than the use of external resistances (Table 12). The highest
power density, average current density and current obtained in anodic LSV in
BES-200mV together demonstrate that the adjusted anode potential of -200 mV was
the most optimal start-up protocol for a brewery wastewater fed air-cathode BES.
According to anodic LSV curves, current production was very low in BES50Ω and
BES1000Ω at more positive anode potentials than -300 mV vs. Ag/AgCl. The results
are in accordance with Hong et al. and Zhu et al. who reported that adaptation to
higher current densities eliminated power overshoot and enabled higher current
densities at broader anode potential range [135,136]. However, the optimal anode
potential for obtaining the highest current density depend on the substrate, microbial
community and the reactor configuration (e.g. oxygen penetration to anode biofilm)
[33,37,137]. Thus, the optimal anode potential should be determined separately in
each case. Also Aelterman et al. reported higher current densities with -200 mV vs.
Ag/AgCl adjusted anode potential in two-chamber acetate-fed MFC compared to 0
and -400 mV. Zhang et al., on the other hand, reported inconsistent results for
different wastewaters used as inoculum source [33,137].
To restart the bioelectrochemical treatment rapidly after a process upset, storing
of anolyte (as a source of electrochemically active microbes) for up to six months at
+4 °C or -20 °C was studied (paper II). After storing the anolyte at +4 °C or -20 °C
for one month, the electricity generation was recovered, but not after six months
(Table 12). The average power densities after one month storing were 76-111% of
the power densities in MFCs started up with fresh anolyte, but after six months
storage, power densities were <10% compared to the power densities of fresh
anolyte.
Anolyte storing temperature (+4 or -20 °C) had only small effect on power
density (Table 12). However, lag time for reaching 0.8 Wm-3 was longer (7 ± 3 days)
after the anolyte was stored for one month at -20 °C compared to storing at +4 °C
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(5.0 ± 0.9 days). These measured lag times were 3-5 days longer compared to lag
time of 1.9 ± 0.5 days with fresh anolyte. In addition, the lag time of 2.7 ± 0.3 days
after one week storing at +4 °C showed that the lag time for refrigerated anolyte is
affected by storing time. Shorter lag times for electricity generation after storing at
+4 °C compared to -20 °C is in accordance with the results of Alam et al., who
reported faster reactivation of electrochemical activity with biofilms stored at +4 °C
compared to freezing with glycerol at -70 °C [130].
The effect of different start-up methods (electrochemical protocols or anolyte
storing) on transformation of wastewater organic compounds was studied by
influent and effluent VFA, alcohol, and sugar concentrations measurements.
Electrochemical start-up protocols had only small effect on transformation of
wastewater organic compounds (paper I). Sugars and alcohol from brewery
wastewater were almost completely removed in all BESs and transformed to
electricity or volatile fatty acids (mainly acetate and propionate). However, COD
removal was negligible due to the high inoculum COD load (which was slowly
dissolved to anolyte) and reactor design which was not optimized for COD removal.
The anolyte storing methods, on the other hand, had an effect on the metabolic
activity of the microbial community and the quantity of VFAs in anolyte (paper II).
Over 99% of the synthetic wastewater xylose was removed after all storing methods,
but lower acetate and propionate concentrations (16-18 mM acetate and 5-6 mM
propionate) were measured after ≤ 1 month storing at +4 °C compared to 1-6
months storing at -20 °C and 6 months at +4 °C (22-27 mM acetate and 8-16 mM
propionate). VFA accumulation after longer storing times indicated that fermenting
organisms were viable also after six months storing, but VFA consuming organisms,
such as electrochemically active bacteria, were not. This was confirmed by lower
electricity generation (less than 10% power density compared to fresh anolyte) and
microbial community analysis (discussed in more detail in Section 5.4). The viability
of fermenting bacteria after the six months storing is in accordance with the results
of Teather et al., who reported that fermentative bacteria from cow rumen stayed
viable after at least two years of storing at -20 °C with glycerol, but at +4 °C the agar
deep cultures lost viability after 0.5-2 years [138].
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5.2

Optimization of bioelectrochemical wastewater treatment

5.2.1

Effects of anode electrode materials on MFC performance

Anode electrode material and surface area affect the biofilm growth and electricity
generation in a MFC, because direct electron transfer is the most efficient electron
transfer mechanism [29] and high conductivity is required for efficient electron
transfer from the electrode to the electrical wires. Different anode materials were
compared based on their performance (COD removal, power density and cyclic
voltammetry peak current) and material characteristics (specific surface area and
scalability) in a xylose-fed up-flow MFC (Table 12; paper III). Studied electrodes
included granular activated carbon in stainless steel cage (GAC in SS cage), graphite
plate, carbon cloth and zeolite coated carbon cloth. Only small differences were
measured in power densities between the studied anode electrode materials (power
densities between 3.0-3.7 Wm-3 as shown in Table 12) and xylose was removed
efficiently (>95% removal) with all the studied anode materials. Theoretical COD
removal (calculated from added influent and measured effluent VFA and xylose
concentrations) varied between 77 and 86%. Anodic cyclic voltammetry measured
at turnover conditions showed that the highest current densities with GAC in SS
cage and graphite plate (>5.2 Am-2 for both anode materials) were significantly
higher than the highest current densities with carbon cloth or zeolite coated carbon
cloth (1.8 and 1.9 Am-2, respectively).
The comparison of material characteristics was done based on literature and
emphasized the potential of GAC as anode electrode material in up-scaled processes.
The specific surface area of GAC is significantly higher compared to the other
studied anode electrode materials (Table 2 in Section 2.3.1). However, the
conductivity of graphite plate is >100 times higher compared to that of GAC (Table
2 in Section 2.3.1). In up-scaled systems, low conductivity of large electrodes
decreases the power density, but capacitive anode material, such as GAC, can be
utilized in fluidized systems with separate current collectors [139]. In this study, GAC
was trapped in a highly conductive SS cage to decrease the losses due to the lower
conductivity of GAC.
Chemical and mechanical strength and potential for using the electrode material
in various reactor configurations also makes an anode material more attractive choice
in up-scaled systems. Carbon cloth has low mechanical strength due to loose
weaving, but it is corrosion resistant [66]. As a thin and flexible material, carbon cloth

40

has shown its potential as an electrode material in various MFC configurations
[20,51,67]. Although graphite plate is brittle, it has relatively high mechanical strength
and good resistance against corrosion [66,140]. As a hard material, graphite plate can
be used as a flat plate e.g. in cubic MFCs [49]. GAC in SS cage has high mechanical
strength due to the stainless steel cage and both materials (GAG and SS) are known
to be corrosion resistant as MFC anode under anaerobic conditions [66,141]. GAC
is adaptable to various electrode and MFC configurations [20,50,142]. By combining
conductivity, chemical and mechanical strength and potential for using an electrode
material in various reactor configurations as criteria for scalability, the studied
electrodes were evaluated from + to +++ for overall rating in Table 13. For
scalability +++ means that all scalability criteria used for the comparison were
satisfactory, ++ that at least one aspect is challenging and + that at least one aspect
is failing. According to overall rating, GAC in SS cage was considered as the most
suitable option for further studies and was used as anode materials for TMP
wastewater treatment (results described in Section 5.3).

Table 13.

Anode electrode selection criteria for bioelectrochemical wastewater treatment.
(Modified from paper III)

Anode electrode
GAC in SS cage
Carbon cloth
Graphite plate
Zeolite coated
carbon cloth

Performance criteriaa
COD
Power
Currentd
removalb
densityc
+++
++
++
+++
+++
+
++
+++
++
++
++
+

Material characteristics
Specific
Electrode
surface areae
scalability
+++
+++
+
++
+
++
+
++

Overall
rating
1.
2.
2.
4.

aBased on experimental data of this study; bBased on COD removal obtained during continuous
feeding (>80% +++ , 60-80% ++, <60% +); cBased on the average, stable power densities under
continuous feeding (>300 mWm-2 +++, 250-300 mWm-2 ++, <250 mWm-2 +); dThe highest current
densities obtained during CV analysis at turnover conditions (>10 Am -2 +++, 5-10 Am-2 ++,
<5 Am-2 +); eSurface area of the electrodes calculated for the size of the electrodes used in this study
(>1000 m2 +++, 100-1000 m2 ++, <100 m2 +).

A rough cost estimate for tested electrodes according to material bulk prices on
Alibaba (carbon cloth 10-20 US dollar per m2, graphite plate 5-10 US dollar per kg,
GAC 1 US dollar per kg, SS mesh 3-8 US dollars per m2) shows the lowest price for
GAC in SS cage electrode (0.04-0.1 US dollars). Carbon cloth electrode was 10-20%
more expensive, and graphite plate electrode was the most expensive anode with
over 300% higher costs per electrode. However, it is important to notice that the
demand for the materials affect the prices.
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5.2.2

Effect of organic loading rate on continuous flow MFC performance

OLR is an important operation parameter to optimize electricity generation and
wastewater treatment. At high organic loading, same wastewater volume can be
treated in a shorter time enabling the use of a smaller continuously operated reactor.
However, too high organic loading rate can decrease COD removal and enrich fast
growing microbes other than electrochemically active [131].
The effect of OLR on electricity generation was studied by decreasing the HRT
stepwise from 3.5 d to 0.17 d, which increased the OLR from 0.15 to 3.2 gCODL-1d-1
(paper IV). Before continuous operation, the MFC was started up under semi
continuous feeding. The highest power densities of 2.42 and 3.05 Wm-3 were
measured at 1 and 1.7 d HRTs with OLRs 0.53 and 0.31 gCODL-1d-1, respectively
(Table 12).
CE decreased with the decreasing HRT from 30 to 0.6% (Table 12) due to the
increased substrate loading and decreased current densities at HRTs lower than
1.7 d. On average, 99% of the xylose was removed at all HRTs, but the theoretical
COD removal remained lower (57-96%) due to the presence of VFAs (mainly
acetate and propionate) in the effluent. At HRTs of 1 d and 1.7 d, theoretical COD
removals were 69 and 82%, respectively. The obtained COD removals are higher
than Huang and Logan reported for xylose-fed MFC, but they used higher OLRs
[143]. With OLRs of 2-20 gCODL-1d-1 the COD removal in their MFC was 21-74%.
However, CE in their system was higher (28-54%) compared to this study.

5.3

Treatment of brewery and thermomechanical pulping
wastewaters in bioelectrochemical systems

Treatment of TMP and brewery wastewater was studied in continuous up-flow MFC
(Paper IV) and semi-continuously fed air-cathode MFC (Paper I), respectively. As
the used reactor configurations were different, the results obtained for the two
wastewaters are not fully comparable.
The power density obtained from brewery wastewater fed air-cathode MFC was
2.1 times compared to the power density from TMP wastewater fed up-flow MFC
(Table 12). The difference was even higher in CEs (11.8 vs. 1.5%) due to the higher
OLR used in the TMP wastewater experiments (2 vs. 0.2 gCODL-1d-1). Stable power
density with brewery wastewater (0.51 Wm-3) was lower than most of the reported
max. power densities (varying between 0.29 and 18 Wm-3) in fed-batch systems fed
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with brewery wastewater (Table 3 in Section 2.4.1), but on the same level reported
for three continuously fed MFCs (0.42-0.83 Wm-3) [51,103,104]. This was the first
study on TMP wastewater treatment in MFC. Huang et al. [82] reported 5.9 Wm-3
max. power density for paper recycling wastewater, which is several orders higher
than the stable power density of 0.24 Wm-3 obtained in this study.
The power densities in up-flow MFC could be increased by decreasing the
distance between the anode and cathode electrodes especially if wastewaters with
low conductivity (e.g. 0.8 mScm-1 with TMP wastewaters; Table 4 in Section 2.4.2)
are treated [82]. Also small membrane area compared to anode electrode area
(0.3 m2m-2) potentially affected the obtainable power densities in the up-flow MFC
[144]. On the other hand, the electricity generation from brewery wastewater in the
air-cathode MFC was potentially decreased by oxygen penetration to anolyte through
air-cathodes with CEM membranes [17,47]. Also continuous feeding with brewery
wastewater would stabilize the anolyte composition compared to semi-continuous
feeding and enable further optimization of process parameters such as HRT and
OLR [145]. COD removal was negligible from brewery wastewater due to semicontinuous feeding and high inoculum with slowly dissolving organic load, but 47
± 13% of TMP wastewater COD was removed in up-flow MFC, which is 80%
higher than Huang et al. reported for paper recycling wastewater [82].
The results show that the COD removals from the studied wastewaters were not
sufficient for discharging to the environment, but if the bioelectrochemical treatment
is used as pretreatment process, 47% COD removal from TMP wastewater could
significantly reduce the energy needed for conventional aerobic wastewater
treatment. However, further studies are needed to increase the power density of both
air-cathode and up-flow MFCs. The easily degradable VFAs left in brewery effluent
demonstrated that suitable substrates for electrochemically active bacteria were left
and higher resource recovery can be obtained in form of electricity by optimizing
the system and operational conditions. Lower VFA concentrations in TMP effluent
(44% of the soluble COD) together with 47% COD removal indicated that
wastewater pretreatment could increase electricity generation at more optimized
conditions.

5.4

Anodic microbial community compositions

Anodic microbial community compositions were studied in papers I, II and IV.
Although the microbial communities were enriched in different MFC types (air-
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cathode, three-chamber, up-flow) from different origins (anaerobic digestate and
compost) and using different substrates (brewery wastewater or xylose), fermentative
and electrochemically active bacteria were detected in all reactor types (Table 14).
These microbial groups have their specific roles in degradation of wastewaters with
high sugar content: fermentative bacteria oxidize sugars to VFAs, which are further
used by electrochemically active bacteria for electricity generation [28]. Also
facultative anaerobes such as Escherichia coli, Citrobacter freundii and Pluralibacter
georgoviae) [146–148] were detected from the biofilm samples. Due to their ability to
consume the oxygen penetrating to anolyte, facultative anaerobes are especially
important in air-cathode MFCs [28]. Electrochemically active C. freundii and Geobacter
sp. were detected from all reactor types used in this study (Table 14 contains only
species detected in biofilm samples, but C. freundii was detected from up-flow anolyte
sample) [149,150]. It should also be noted that some of the detected bacteria belong
to more than one of the mentioned groups (fermenting, facultative anaerobes, or
electrochemically active bacteria).

Table 14.

Bacterial species detected from the anodic biofilms of MFCs fed with brewery
wastewater or xylose. Bacterial species indicated in bold were found from all reactor
types. Known electrochemically active bacteria are marked in blue and fermenting
bacteria in green.

MFC-type / substrate /
inoculum origin
Air-cathode MFC /
brewery wastewater /
Anaerobic digestate from municipal
wastewater treatment plant
(Paper I)

Three-chamber MFC / xylose /
Anaerobic digestate from municipal
wastewater treatment plant
(Paper II)

Up-flow MFC / xylose /
Compost culture
(Paper IV)

Detected bacterial species
(Phylogenetic group)
uncultured Azonexus sp. (Betaproteobacteria)
Azospira sp. (Betaproteobacteria)
Citrobacter sp. (Gammaproteobacteria)
Desulfovibrio marrakechensis (Deltaproteobacteria)
Escherichia coli (Gammaproteobacteria)
Geobacter sp. (Deltaproteobacteria)
Klebsiella sp. (Gammaproteobacteria)
Schwartzia sp. (Negativicutes)
Selenomonas sp. (Negativicutes)
Citrobacter freundii (Gammaproteobacteria)
Geobacter sulfurreducens (Deltaproteobacteria)
Escherichia coli (Gammaproteobacteria)
Lentimicrobium saccharophilum (Bacteroidia)
Phascolarctobacterium sp. (Negativicutes)
Pluralibacter gergoviae (Gammaproteobacteria)
Proteiniphilum acetatigenes (Bacteroidia)
Geobacter sp. (Deltaproteobacteria)
Proteiniphilum acetatigenes (Bacteroidia)
Uncultured spirochete (Spirochaetia)
Wolinella succinogenes (Epsilonproteobacteria)
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Reference
[151]
[149]
[152]
[24]
[41]
[153]
[149]
[24]
[147]
[154]

[155]
[24]
[155]

Microbial community samples were taken from the anode biofilms in the end of the
experiments (papers I, II and IV). In paper I, BES operation was continued for 33
days with external resistance of 47 Ω after the different start-up protocols. In the
end of the study, no clear difference in the microbial communities on anode
electrode biofilms were observed, which indicates that under similar selection
pressure after the start-up, same microbial species were enriched to the anode
biofilms. This is in accordance with the power densities, which became similar (0.480.55 Wm-3) towards the end of the operation.
The anolyte storing methods had a significant effect on the microbial
communities of xylose fed MFCs (Paper II). Facultative anaerobes (E. coli, C. freundii
or P. georgoviae) [146–148] and fermentative bacteria (E. coli, Proteiniphilum acetatigenes,
C. freundii or Lentimicrobium saccharophilum) [147,154–156] were found from biofilm
samples of all MFCs which were inoculated with anolyte stored at +4 or -20 °C for
different duration. However, well known electrochemically active bacteria C. freundii
and G. sulfurreducens [149,150] that were detected in biofilms inoculated with anolyte
after ≤1 month storing time, were not detected from the anodic biofilms of MFCs
inoculated with anolyte stored for six months. This clearly indicates that
electrochemically active bacteria were not able to survive the storage of six months
at +4 or -20 °C without chemical supplementations.
In addition to the biofilm microbial communities analyzed in the end of the
experiments (Table 14), the effect of OLR on anolyte microbial communities was
studied at different HRTs (paper IV). Although PCR-DGGE is a semi-quantitative
method at best [157], the significantly higher intensity of Christensenella minuta bands
on DGGE gel indicated that the share of a fermenting C. minuta increased at HRTs
of ≤0.5 d indicating higher fermenting activity [158]. Other species detected from
anolyte samples were C. freundii, Clostridium indolis, Clostridium oroticum, Enterobacter sp.,
Petrobacter sp., Proteiniphilum acetatigenes, uncultured spirochete, and Wolinella succinogenes.
At the highest OLRs, the strongest bands belonged to C. minuta, C. freudii, C. indolis,
and P. acetatigenes.
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6

CONCLUSIONS

In this study, process reliability and electricity generation of industrial wastewaters
in MFCs was studied by comparing electrochemical start-up protocols, effect of
storing of inoculum, comparing anode electrode materials and optimizing OLR in
bioelectrochemical systems. Also brewery and TMP wastewaters were treated in aircathode and up-flow MFCs.
It was demonstrated that electrochemical start-up methods efficiently accelerate
BES start-up. In brewery wastewater fed air-cathode BES, -200 mV (vs. Ag/AgCl)
adjusted anode potential accelerated the start-up more than 0 mV adjusted anode
potential or 50 and 1000 Ω external resistances. The start-up current densities were
from 1.7 to 30 times, and the power densities after the start-up from 1.5 to 2.5 times
the power and current densities obtained with 0 mV, 50 Ω and 1000 Ω start-up
strategies (paper I).
Without active enrichment culture, the MFC start-up can be accelerated by using
stored anolyte as inoculum. Similar power densities (1.2–1.8 Wm-3) compared to the
MFC inoculated with fresh anolyte (1.4 Wm-3) were obtained in the MFCs inoculated
with anolyte stored at +4 °C or –20 °C for one month. However, the storing
increased lag time for power production from 1.9 ± 0.5 d with fresh anolyte to 2.7
± 0.3 d and 5.0 ± 0.9 d after one or four week(s) storing at +4 °C. Six months storing
time was too long for recovering electricity generation suggesting that
electrochemically active bacteria could not survive the long storing. However,
99-100% xylose removal together with high VFA concentrations demonstrated the
viability of fermenting organisms after ≤6 months storing at +4 or -20 °C (paper II).
Anode electrode materials and surface structure affect electrochemically active
biofilm evolution and electron transfer efficiency in MFCs. In the xylose-fed up-flow
MFC, the differences in stable power densities (3.0-3.7 Wm-3) between graphite
plate, carbon cloth and granular activated carbon in stainless steel cage were small.
The highest currents with anodic cyclic voltammetry, on the other hand, were
measured with granular activated carbon and graphite plate. According to overall
evaluation, the most suitable anode material for bioelectrochemical treatment was
capacitive granular activated carbon due to the high current density in a large
potential range, scalability and very high surface area (paper III).
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In xylose fed up-flow MFC, the highest power densities of 3.05 and 2.42 Wm-3
were measured at 0.31 and 0.53 gCODL-1d-1 OLR (with 1 and 1.7 days hydraulic
retention times). By increasing OLR from 0.15 to 3.2 gCODL-1d-1 gCODL-1d-1, CE
decreased from 30 to 0.6% and COD removal varied between 57 and 95% (paper
IV).
Stable power density of 0.51 Wm-3 was obtained in the air-cathode MFC fed with
brewery wastewater. In the up-flow MFC fed with TMP wastewater, power density
of only 0.24 Wm-3 was generated due to high internal resistances caused by low
wastewater conductivity, long distance between electrodes and membrane fouling.
On the other hand, the COD removal was 47% in up-flow MFC fed with TMP
wastewater, but negligible in air-cathode MFC fed with brewery wastewater.
Electrochemically active and fermentative bacteria were detected in all MFC
types. MFCs were operated at mesophilic temperatures (29-37 °C) and they all
contained known electrochemically active bacteria C. freundii and Geobacter sp. Share
of fermentative organisms in anolyte increased at high loading rates and in biofilms
after six months storing. Electrochemically active microbes were viable after one
month storing at +4 °C or -20 °C, but not after six months. No differences in anode
biofilm microbial communities were associated with electrochemical start-up
protocols after 33 d operation in same conditions with 47 Ω external resistances.
In summary, the results of this study show that the reliability of MFC operation
can be increased by storing anolyte as a preparation for the possible process upset,
or if healthy enrichment culture is not available, the lag time for electricity generation
can be decreased by adjusting the anode potential during the start-up. To further
optimize the MFC performance, granular activated carbon can be utilized with a
current collector at the OLR which is optimized for the studied process.
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7

RECOMMENDATIONS TO FUTURE STUDIES

Comparison of different adjusted anode potentials and external resistances did not
show significant differences in long-term electricity production between studied
start-up strategies. To validate the result at larger range of anode potentials and
external resistances, higher number of different potentials and resistances should be
studied.
The results of this study demonstrated that electrochemically active microbial
community can be stored for one month, but not for six months without
significantly affecting the power density obtained after storing. Due to the long gap
in storing time between one and six months, further experiments are needed to
determine whether storage times longer than one month can be used. Also, the
possibility of utilizing electrochemically active sporulative bacteria (such as Bacillus
subtilis) should be studied, because the storing of endospores could significantly
increase the possible storing times [159,160]. Microbial communities were studied
with PCR-DGGE to profile microbial communities in biofilm or anolyte samples.
For quantitative results of bacteria and their activity in samples, more sophisticated
techniques are available and should be used, such as high-throughput sequencing of
DNA or cDNA [161].
It was demonstrated in this study, that TMP wastewater can be treated in a MFC.
However, the electricity production was low and future studies are required to
optimize the reactor design and process operation in order to increase CE and power
density. Especially the losses due to the low conductivity of the wastewater should
be considered when designing new experiments to avoid the need for wastewater
amendments to increase the conductivity. Also wastewater pretreatment prior to
bioelectrochemical treatment could increase electricity production by increasing
VFA content of TMP wastewater and this should be further studied.
Operation temperature of a MFC should reflect the temperature of the real
wastewater streams to minimize the need for heating or cooling of the wastewater.
For example, the TMP wastewaters have higher temperatures (50-80 °C) than
brewery wastewaters (usually 25-38 °C) and for this reason TMP wastewater
treatment should be studied at elevated temperatures [5,162]. The preliminary
experiments in an H-type MFCs with xylose demonstrated electricity generation at
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55 °C, but more research is needed at different temperatures and with real
wastewaters to study the feasibility of TMP wastewater bioelectrochemical treatment
at higher temperatures [161].
The experiments conducted in different MFCs demonstrated that higher COD
removals were obtained in the up-flow MFC compared to the air-cathode and threechamber MFCs. In the up-flow MFCs, the anolyte flow increases the availability of
substrates for the biofilm growing on the solid anode increasing the rate of
wastewater treatment and improving mass transfer and diffusion [54,113]. Up-flow
MFCs with granular anode materials could also be suitable for bioelectrochemical
treatment [113]. However, the studied up-flow MFC still requires further
optimization to increase power density due to the small membrane area between
anode and cathode electrodes and the long distance between the electrodes [144].
Also potassium ferricyanide is suitable only in laboratory-scale experiments, but not
in real applications [86]. The terminal electron acceptor should be replaced with
more sustainable oxidant, such as oxygen in an air-cathode.
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GU\LQJRUVHHGLQJZLWKSHOOHWV)RUH[DPSOH<NVHOHQ>@VWXGLHGSUHVHUYDWLRQRI8$6%VOXGJH



DW Ǧ&&URRPWHPSHUDWXUHDQG&IRURQH\HDUDFKLHYLQJKLJKHVWPHWKDQRJHQLF



DFWLYLW\DIWHUVWRULQJDW&/LHWDO>@VWRUHGDQDHURELFVOXGJHE\GU\LQJIRUPRQWKVZLWK



LQVLJQLILFDQWORVVLQPHWKDQH\LHOG$GDYHWDO>@DQG;XHWDO>@VWRUHGDHURELFJUDQXOHV



VXFFHVVIXOO\IRUPRQWKVLQGLIIHUHQWVROXWLRQVDQGIRUZHHNVDVVHHGHGZLWKSHOOHWV



GHZDWHUHGDHURELFJUDQXOHV UHVSHFWLYHO\+RZHYHUGLIIHUHQWEDFWHULDOVSHFLHVKDYHGLIIHUHQW



VXUYLYDOUDWHVGXULQJWKHVWRULQJDQGVRPHWLPHVWKHPRVWHIIHFWLYHVWRUDJHDVPHDVXUHGE\FHOO



YLDELOLW\WHVWGRHVQRWUHVXOWLQWKHPRVWDFWLYHFXOWXUH>@7KHVXUYLYDORIPL[HGFXOWXUHV



HQULFKHGIRUDQRGLFHOHFWULFLW\SURGXFWLRQFDQGLIIHUVLJQLILFDQWO\IURPRWKHUDQDHURELFFXOWXUHV



2QO\RQHSUHYLRXVVWXG\>@UHSRUWVRQHOHFWURFKHPLFDOO\DFWLYHHQULFKPHQWFXOWXUHVWRUDJH



$ODPHWDO>@VWRUHGDQH[RHOHFWURJHQLFELRILOPRQDQRGHHOHFWURGHE\UHIULJHUDWLQJIUHH]LQJ



RUGHK\GUDWLQJEXWRULJLQDOFXUUHQWSURGXFWLRQZDVQRWUHDFKHGDIWHUVWRULQJ7KH\VXJJHVWHGWKDW



GHDGFHOOVLQWKHELRILOPSUHYHQWHGFRQWDFWEHWZHHQH[RHOHFWURJHQVDQGWKHHOHFWURGH6WRULQJ



H[RHOHFWURJHQLFHQULFKPHQWFXOWXUHVXVSHQVLRQLQVWHDGRIELRILOPZRXOGRYHUFRPHWKLVSUREOHP




,QWKLVZRUNWKHHIIHFWRIVLPSOHDQGORZFRVW0)&DQRO\WHVWRUDJHIRUUHFRYHULQJVWDEOHSRZHU



GHQVLW\DQGODJWLPHUHTXLUHGIRUFXUUHQWSURGXFWLRQZHUHVWXGLHG$QRO\WHIURPDQRSHUDWLQJ



[\ORVHIHG0)&ZDVIUHH]HG & RUUHIULJHUDWHG & ZLWKGLIIHUHQWVWRULQJWLPHV IURP



ZHHNWRPRQWKV DQGFRPSDUHGZLWKIUHVKDQRO\WHIRU0)&VWDUWXS7RRXUNQRZOHGJHWKLVLV



WKHILUVWVWXG\RQWKHVXUYLYDORIH[RHOHFWURJHQLFFXOWXUHVDQGWKHLUDELOLW\WRUHJDLQFXUUHQW



SURGXFWLRQE\VWRULQJHQULFKHG0)&DQRO\WH;\ORVHZDVXVHGDVVXEVWUDWHEHFDXVHIRUHVW



LQGXVWU\ZDVWHZDWHUVFRQWDLQ[\ORVHIURPJOXFXURQR[\ODQFRQWDLQLQJZRRGPDWHULDO>@




0DWHULDOVDQGPHWKRGV



 0)&FRQVWUXFWLRQDQGRSHUDWLRQ



([SHULPHQWVZHUHFRQGXFWHGLQFKDPEHU0)&V RQHDQRGHFKDPEHUDQGWZRFDWKRGH



FKDPEHUV  )LJXUH 7KHDQRGHFKDPEHU P/ ZDVVHSDUDWHGIURPWKHFDWKRGHFKDPEHUV



P/HDFK RQERWKVLGHVZLWKDFPFDWLRQH[FKDQJHPHPEUDQH &0( FRDWHGZLWK



3W1L  DVGHVFULEHGE\&HWLQND\DHWDO>@ZLWKDQH[FHSWLRQWKDWWKH\XVHGDLUFDWKRGHVLQ



SODFHRIFDWKRGHFKDPEHUV7KHWRWDOYROXPHRIDQRO\WHZDVP/IURPZKLFKWKHH[WUD



YROXPHZDVFLUFXODWHGDWDUDWHRIP/PLQRYHUDUHFLUFXODWLRQERWWOHSODFHGLQD&ZDWHU



EDWK7ZRFDUERQEUXVKHOHFWURGHVZLWKWLWDQLXPZLUHVDVFXUUHQWFROOHFWRUVZHUHXVHGDVDQRGH



HOHFWURGHV5HIHUHQFHHOHFWURGH %$6L5(%$J$J&O ZDVSRVLWLRQHGEHWZHHQWKHWZRFDUERQ



EUXVKHOHFWURGHVIRUDQRGHSRWHQWLDOPHDVXUHPHQWV7KHWZRDQRGHHOHFWURGHVZHUHFRQQHFWHG



WKURXJKȍH[WHUQDOUHVLVWDQFHWRWKHWZRFDWKRGHHOHFWURGHVIRUPLQJDVLQJOHFLUFXLW&DWKRGH



FKDPEHUVZHUHHTXLSSHGZLWKDLUVSDUJHUV RXSXW/K WKDWSURYLGHGGLVVROYHGR[\JHQDVWKH



WHUPLQDOHOHFWURQDFFHSWRU&DUERQFORWK RQHIRUHDFKFDWKRGHFKDPEHU ORFDWHGDJDLQVWWKH



PHPEUDQHZDVXVHGDVFDWKRGHHOHFWURGH SURMHFWHGDUHDRIFP 




&DWKRO\WHVROXWLRQ S+ FRQWDLQHGP01D+32P01D+32DQGP01D&O



LQGLVWLOOHGZDWHU$QRO\WHVROXWLRQZDVSUHSDUHGDVGHVFULEHGE\0lNLQHQHWDO>@ZLWKRXW



DGGLWLRQRI('7$DQGUHVD]XULQ,QDGGLWLRQWKHFRQFHQWUDWLRQRI\HDVWH[WUDFWZDVUHGXFHGWR



J/LQWKHEHJLQQLQJRIWKHH[SHULPHQWDQGWRJ/DIWHUWKHILUVWIHHGLQJF\FOH;\ORVH



J/ ZDVXVHGDVVXEVWUDWHDQGS+RIWKHIHHGLQJVROXWLRQZDVDGMXVWHGWRZLWK1D2+



0)&VZHUHIHGZLWKLQWHUYDORIGD\VE\UHSODFLQJP/RIDQRO\WHVROXWLRQZLWKIUHVKIHHG



,IWKHYROXPHRIWKHDQRO\WHGHFUHDVHGGXULQJWKHIHHGLQJF\FOHWKHYROXPHZDVDGMXVWHGEDFNWR



P/ZLWKWKHUHPRYHGDQRO\WH'XULQJWKHRSHUDWLRQ01D2+ZDVDGGHGLQWRWKHDQRO\WHV



LIQHHGHGDIWHUWKHIHHGLQJWRHQVXUHWKDWS+GLGQRWGHFUHDVHEHORZ





0)&VZHUHLQRFXODWHGZLWKDQRO\WHIURPDQRSHUDWLQJIHGEDWFK0)&XVLQJ[\ORVHDVDVXEVWUDWH



DIWHUILYHPRQWKVRIHQULFKPHQWDWVLPLODUFRQGLWLRQV7KLVFXOWXUHZDVRULJLQDOO\HQULFKHGIURP



DQDQDHURELFGLJHVWHURIDPXQLFLSDOZDVWHZDWHUWUHDWPHQWSODQW 9LLQLNDQODKWL7DPSHUH



)LQODQG 7KHDQRO\WHVROXWLRQWREHXVHGDVLQRFXOXPIRUQHZ0)&V P/IRUHDFK ZDV



VWRUHGIRUWKHH[SHULPHQWVLQP/EDWFKHVLQIUHH]HU & RUIULGJH & XQGHUQLWURJHQ



DWPRVSKHUH&XOWXUHUHDFWLYDWLRQZDVWHVWHGDIWHUVWRULQJWKHDQRO\WHIRURQHZHHN & RQH



PRQWK &DQG& DQGVL[PRQWKV &DQG& ,QDGGLWLRQWRWKLVUHIHUHQFH



FXOWXUHVZHUHVWDUWHGVWUDLJKWDIWHUDQRO\WHFROOHFWLRQZLWKRXWVWRULQJWKHLQRFXOXP)UR]HQ



DQRO\WHEDWFKHVZHUHGHIURVWHGDWURRPWHPSHUDWXUH0)&VZHUHZDVKHGZLWK01D2+DQG



HWKDQROEHWZHHQWKHH[SHULPHQWV$OOWKHH[SHULPHQWVZHUHFRQGXFWHGDVGXSOLFDWHV




 $QDO\VHV



 (OHFWURFKHPLFDOPHDVXUHPHQWVDQGFDOFXODWLRQV



&HOOYROWDJHDQGDQRGHSRWHQWLDOZHUHUHFRUGHGZLWKPLQLQWHUYDOVXVLQJ$JLOHQW$GDWD



$FTXLVLWLRQ6ZLWFK8QLW $JLOHQW86$ &XUUHQWDQGSRZHUGHQVLWLHVZHUHFDOFXODWHGDJDLQVW



DQRGHFKDPEHUYROXPHXVLQJPHDVXUHGFHOOYROWDJHGDWDDQGH[WHUQDOUHVLVWDQFHDFFRUGLQJWR



2KP¶VODZ&HOOYROWDJHGDWDZDVXVHGDOVRIRUPHDVXULQJODJWLPH G ZKLFKZDVGHWHUPLQHGDV



WKHWLPHQHHGHGIRUDFKLHYLQJP9FHOOYROWDJHZLWKH[WHUQDOUHVLVWDQFH




/LQHDUVZHHSYROWDPPHWU\ /69 ZDVFRQGXFWHGXVLQJDSRWHQWLRVWDW 3DOPVHQV1HWKHUODQGV



ZLWKWKHVFDQUDWHRIP9VLQWKHHQGRIWKHH[SHULPHQWGD\VDIWHUWKHODVWIHHGLQJ



$QDO\VLVZDVFRQGXFWHGVWDUWLQJIURPP9KLJKHUFHOOYROWDJHYDOXHVFRPSDUHGWRRSHQ



FLUFXLWYROWDJH>@ZKLFKZDVPHDVXUHGDIWHUPLQRIVWDELOL]DWLRQ7KHPHDVXUHPHQWZDV



FRQWLQXHGE\ORZHULQJWKHFHOOYROWDJHIURPWKHVWDUWLQJYDOXH P9 WRWKHILQDOYDOXHRI



P9,QWHUQDOUHVLVWDQFHZDVFDOFXODWHGIURPWKH/69GDWD 5LQWHUQDO 8, E\GUDZLQJD



SRZHUFXUYHDJDLQVWYROWDJHWRILQGWKHSODFHRIWKHSRZHUFXUYHSHDNRQYROWDJHD[LVDQGXVLQJ



WKHGDWDRIWKLVSRLQWIRULQWHUQDOUHVLVWDQFHFDOFXODWLRQV




&RXORPELFHIILFLHQF\ &( ZDVFDOFXODWHGIURPWKH[\ORVHGHJUDGDWLRQDQGHOHFWULFDOFXUUHQW



GDWDRYHUWKHODVWIXOOIHHGLQJF\FOHZLWKWKH(TXDWLRQ PRGLILHGIURP>@



ܥா ൌ ி



ZKHUH0V PROHFXODUZHLJKWRI[\ORVH JPRO W OHQJWKRIIHHGLQJF\FOH G ) )DUDGD\¶V



FRQVWDQW &PRO H EHV QXPEHURIHOHFWURQVUHOHDVHGSHUPRORI[\ORVH H ǻP[\ORVH



J 7KHPDVVRIGHJUDGHG[\ORVHZDVFDOFXODWHGE\VXEWUDFWLQJWKHPHDVXUHG[\ORVHLQWKHHQG
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RIWKHF\FOHIURPWKHFRQFHQWUDWLRQLQWKHEHJLQQLQJRIWKHVDPHF\FOH




 &KHPLFDODQDO\VHV



&RQFHQWUDWLRQVRI[\ORVHDQGIDWW\DFLGV 9)$V ZHUHPHDVXUHGIURPWKHDQRO\WHVDPSOHVWDNHQ



EHIRUHHDFKIHHGLQJDQGLQWKHHQGRIWKHH[SHULPHQW$OVRWKHDQRO\WHS+ZDVPHDVXUHG :7:



S+PHWHU IURPWKHVDPHVDPSOHV$IWHUS+PHDVXUHPHQWWKHVROLGSDUWLFOHVZHUHUHPRYHG



E\FHQWULIXJLQJ PLQ[J IROORZHGE\ILOWHULQJ PSRO\HVWHUILOWHU 6DPSOHVZHUH



VWRUHGDW&;\ORVHFRQFHQWUDWLRQZDVPHDVXUHGXVLQJSKHQROVXOSKXULFDFLGPHWKRG>@



ZLWKWKHPRGLILFDWLRQVGHVFULEHGE\+DDYLVWRHWDO>@9)$DQGDOFRKRO DFHWDWHSURSLRQDWH



EXW\UDWHLVREXW\UDWHYDOHULFDFLGHWKDQRODQGEXWDQRO FRQFHQWUDWLRQVZHUHPHDVXUHGZLWKJDV



FKURPDWRJUDSKDVGHVFULEHGE\+DDYLVWRHWDO>@




 0LFURELDODQDO\VHV



0LFURELDOFRPPXQLW\VDPSOHVZHUHWDNHQIURPWKHDQRGHELRILOPVLQWKHHQGRIHDFK



H[SHULPHQW7KHELRILOPVDPSOHVZHUHREWDLQHGE\VRQLFDWLQJWKHFDUERQEUXVKHVIRUPLQLQ



1D&O7KHQPLFUREHVZHUHFROOHFWHGLQDSHOOHWZLWKDFHQWULIXJH PLQ[J DQGE\



GLVFDUGLQJWKHVXSHUQDWDQW7KHVDPSOHVZHUHVWRUHGDW&DQGPLFURELDOFRPPXQLWLHVZHUH



DQDO\]HGIURPGHIURVWHGVDPSOHVDVGHVFULEHGE\+DDYLVWRHWDO>@'1$ZDVH[WUDFWHGZLWK



3RZHU6RLO'1$LVRODWLRQNLW 02%,2/DERUDWRULHV,QF&DUOVEDG&$86$ DQGSDUWLDO



6U51$JHQHVZHUHDPSOLILHGZLWK3&5XVLQJ*&%DF9I>@DQGU>@SULPHUVDV



GHVFULEHGE\.RVNLQHQHWDO>@$IWHUVHSDUDWLQJ'1$VHTXHQFHVZLWK'**(DFFRUGLQJWR



/DNDQLHPLHWDO>@WKHVHTXHQFHVZHUHUHDPSOLILHGDFFRUGLQJWR.RVNLQHQHWDO>@DQG



VHTXHQFHGDW0DFURJHQ,QF 6HRXO.RUHD 6HTXHQFHGDWDZDVDQDO\]HGZLWK%LR(GLWVRIWZDUH



DQGFRPSDUHGWRNQRZQVHTXHQFHVE\XVLQJ%/$67 KWWSEODVWQFELQOPQLKJRY%ODVWFJL 



7ZRVHSDUDWH'**(JHOVZHUHSUHSDUHGIURPZKLFKRQHFRQWDLQHGELRILOPVDPSOHVIURPDOOWKH



GXSOLFDWHUHDFWRUVZKLOHLQWKHRWKHUJHOWKHDPRXQWRIVDPSOHVZDVUHGXFHGE\VHOHFWLQJRQO\WKH



FRPPXQLWLHVZLWKKLJKHUFXUUHQWGHQVLW\IRUHDVLHUFRPSDULVRQRIGLIIHUHQWVWRULQJPHWKRGVDQG



WLPHV




0LFURELDOYLDELOLW\RIWKHGLIIHUHQWO\WUHDWHGDQRO\WHVZDVHVWLPDWHGZLWK/,9('($'



%DF/LJKW70%DFWHULDO9LDELOLW\.LW%DFWHULDZHUHVWDLQHGZLWK6<72DQGSURSLGLXPLRGLGH



SUHWUHDWPHQWPHWKRGVPRGLILHGIURP>@ 6DPSOHV P/ ZHUHPL[HGZLWKP/VWHULOH



ILOWHUHG1D&OIROORZHGE\PLQVRQLFDWLRQ )LQQVRQLFP)LQODQG 'LOXWHGVDPSOHV 



RU/ ZHUHIXUWKHUGLOXWHGWRP/YROXPHZLWK01D32DQG/RIWKHPL[WXUH



 RIIOXRUHVFHQWVWDLQVZDVPL[HGWRVDPSOHVE\YRUWH[LQJIRUV$IWHULQFXEDWLQJPL[WXUHV



IRUPLQLQGDUNWKHVDPSOHVZHUHILOWHUHGZLWKSRO\FDUERQDWHPHPEUDQHILOWHUIROORZHGE\WKH



H[DPLQDWLRQZLWKDQHSLIOXRUHVFHQFHPLFURVFRSHWRGHWHUPLQHWKHYLDELOLW\EDVHGRQFHOOZDOO



LQWHJULW\




5HVXOWVDQGGLVFXVVLRQ



 (OHFWULFLW\SURGXFWLRQ



7KH0)&VFRQWDLQLQJUHIHUHQFHFXOWXUHVZLWKRXWDQRO\WHVWRULQJDQGFXOWXUHVZLWKGLIIHUHQW



VWRULQJPHWKRGVZHUHFRPSDUHG5HIHUHQFHFXOWXUHVUHDFKHGDQDYHUDJHSRZHUGHQVLW\RI



:P P9DVFHOOYROWDJH7DEOH $IWHUVWRULQJDW&RUDW&IRURQHZHHNDQG



RQHPRQWKWKHDYHUDJHSRZHUGHQVLWLHVRIWKHODVWIXOOIHHGLQJF\FOHVZHUH±:PZKLOVW



VWRULQJIRUVL[PRQWKVLQHLWKHUWHPSHUDWXUHGHFUHDVHGSRZHUGHQVLW\WR:P7KH



FRUUHVSRQGLQJFXUUHQWGHQVLWLHVZHUH$PDQG$PUHVSHFWLYHO\$YHUDJHDQRGH



SRWHQWLDOVZHUHDOVRPRUHWKDQP9OHVVQHJDWLYHDIWHUVL[PRQWKVVWRULQJFRPSDUHGWRWKH



VKRUWHUVWRUDJHWLPHV 7DEOH $ODPHWDO>@UHSRUWHGRIWKHRULJLQDOFXUUHQWGHQVLW\DIWHU



ZHHNVVWRUDJHRIELRILOPFRQWDLQLQJDQRGHHOHFWURGHDW&UHSUHVHQWLQJKLJKHUDFWLYLW\



UHGXFWLRQWKDQREWDLQHGDIWHURQHPRQWKLQWKLVVWXG\ RIWKHFXUUHQWGHQVLW\UHPDLQLQJDIWHU



WKHVWRUDJH $OVRIUHH]LQJZLWKJO\FHURODW&IRUZHHNVGHFUHDVHGFXUUHQWGHQVLW\



DERXWLQWKHVWXG\RI$ODPHWDO>@2XU0)&VGLGQRWVKRZGHFUHDVHLQWKHDYHUDJH



FXUUHQWGHQVLW\ EDVHGRQWKHODVWIXOOIHHGLQJF\FOHGD\V DIWHURQHPRQWKVWRULQJDW



&+RZHYHUWKHVWDQGDUGGHYLDWLRQEHWZHHQWKHGXSOLFDWH0)&VDIWHURQHPRQWKVWRULQJDW



&LQWKLVVWXG\ZDVRIWKHDYHUDJHFXUUHQWGHQVLW\,QRXUVWXG\LQWHUQDOUHVLVWDQFHZDV



RYHUDIWHUVL[PRQWKVVWRULQJDWDQG&EXWRQO\LQDOOWKHRWKHUUHDFWRUV



0DVVLYHLQFUHDVHLQLQWHUQDOUHVLVWDQFHGXULQJPRQWKVWRUDJHZDVOLNHO\GXHWRFKDQJHVLQ



PLFURELDOFRPPXQLW\>@



 /DJWLPHDQGFHOOYLDELOLW\



/DJWLPHIRUUHDFKLQJP9FHOOYROWDJH LHSRZHUGHQVLW\RI:P ZDVGZLWKRXW



VWRULQJDQGVWRULQJLQFUHDVHGLWE\DWOHDVWGD\V/DJWLPHLQFUHDVHGZLWKLQFUHDVLQJVWRULQJ



WLPHDQGZDVORQJHVWZLWKVWRULQJDW&IRURQHPRQWK 7DEOH ,QDOO0)&VWKHSRZHU



GHQVLW\LQFUHDVHGFORVHWRWKHKLJKHVWVWDEOHYDOXHVLQGDIWHUUHDFKLQJWKHVHWSRLQWYDOXHRI



:P H[DPSOHSRZHUGHQVLW\FXUYHVLQVKRZQ)LJXUH6 $YHUDJHSRZHUGHQVLWLHV VHH



VHFWLRQ DQGDQRGHSRWHQWLDOV 7DEOH REWDLQHGGXULQJWKHVWDEOH0)&RSHUDWLRQ ODVWIXOO



IHHGLQJF\FOH ZHUHVLPLODULQ0)&VVWDUWHGXSZLWKDQRO\WHVVWRUHGIRURQHZHHNDQGRQH



PRQWK$IWHUVWRULQJWKHDQRO\WHIRUVL[PRQWKV DW&RU& HOHFWURFKHPLFDODFWLYLW\GLG



QRWUHFRYHU7KHREVHUYHGODJWLPHVDUHZHOOLQDFFRUGDQFHZLWK$ODPHWDO>@UHSRUWLQJIDVWHU



UHDFWLYDWLRQLQHOHFWURFKHPLFDODFWLYLW\DIWHUVWRULQJWKHDQRGHELRILOPDW&FRPSDUHGWR



IUHH]LQJ DW& ZLWKJO\FHURO7KHODJWLPHV GD\V REVHUYHGLQWKLVVWXG\ZHUHDOVR



VLJQLILFDQWO\VKRUWHUWKDQWKHVWDUWXSWLPH GD\V RIRXU[\ORVHIHGXSIORZUHDFWRUVHHGHG



ZLWKDQDHURELFVOXGJHIURPPXQLFLSDOZDVWHZDWHUWUHDWPHQWSODQW





&HOOYLDELOLW\DIWHUDQRO\WHVWRULQJZDVFDOFXODWHGDVOLYHGHDGVWDLQHGFHOOVE\IOXRUHVFHQFH



PLFURVFRS\:LWKRXWVWRULQJDSSUR[LPDWHO\KDOIRIWKHFHOOVVWDLQHGDVDOLYH$IWHURQHZHHN



VWRUDJHDW&VKDUHRIGHDGFHOOVZDVZKLOHWKHORQJHUVWRULQJWLPHVGHFUHDVHGYLDELOLW\



PRUH$IWHURQHPRQWKVWRULQJDW&RU&WKHVKDUHRIGHDGFHOOVZHUHDQG



UHVSHFWLYHO\$IWHUVL[PRQWKVDW&DQG&WKHVKDUHVRIGHDGFHOOVZHUHDQG!



UHVSHFWLYHO\7KHFHOOYLDELOLW\PHDVXUHPHQWVZHUHGLVWXUEHGE\EDFNJURXQGQRLVH,QDGGLWLRQ



VRPHRIWKHFHOOVPD\VWDLQUHGZLWKSURSLGLXPLRGLGHDOWKRXJKEHLQJYLDEOHDVWKHPHWKRG



DFWXDOO\DVVD\VPHPEUDQHLQWHJULW\DQGQRWGLUHFWO\FHOOYLDELOLW\>@+RZHYHUWKHUHVXOWV



VKRZWKDWWKHUHODWLYHVKDUHRIFHOOVVWDLQHGDVGHDGLQFUHDVHGZLWKLQFUHDVLQJVWRULQJWLPH



)LJXUH ,QWHUHVWLQJO\WKHVKDUHRIGHDGFHOOVZDVORZHUDW&FRPSDUHGWR&DWWKH



VDPHVWRULQJWLPHZKLOVWWKHODJWLPHIRUSRZHUSURGXFWLRQZDVORQJHUIRUWKHDQRO\WHVWRUHGDW



&7KLVVKRZVWKDWWRWDOQXPEHURIPLFURRUJDQLVPVWKDWVXUYLYHGVWRULQJ LHUHWDLQHGWKHLU



PHPEUDQHLQWHJULW\ GRHVQRWGLUHFWO\FRUUHODWHZLWKDFWLYLW\RIVWRUHGH[RHOHFWURJHQLF



PLFURRUJDQLVPV7KLVLVLQDFFRUGDQFHZLWKWKHREVHUYDWLRQVRI%DOIRXU&XQQLQJKDPHWDO>@



ZKRUHSRUWHGWKDWWKHPRVWHIIHFWLYHVWRUDJHEDVHGRQFHOOYLDELOLW\PHDVXUHPHQWGRHVQRWDOZD\V



UHVXOWLQWKHPRVWDFWLYHFXOWXUH



 0HWDEROLFDFWLYLW\



;\ORVHUHPRYDO  GXULQJWKHODVWIXOOIHHGLQJF\FOHDIWHUDOOWHVWHGVWRULQJWLPHV



LQGLFDWHGKLJKDFWLYLW\RI[\ORVHXWLOL]LQJPLFURRUJDQLVPV+RZHYHUWKH&(VZHUHUHODWLYHO\



ORZZLWKWKHKLJKHVWFDOFXODWHGYDOXHVEHLQJ 7DEOH $IWHUVL[PRQWKVVWRULQJWKH&(V



ZHUHRQO\EXWD&(RIRUKLJKHUZDVREWDLQHGLQDOOWKHRWKHU0)&V0HDVXUHG



&(VZHUHORZFRPSDUHGWRWKHRWKHUSXEOLVKHGUHVXOWVIRU[\ORVHIHG0)&V>@+RZHYHULQ



WKLVVWXG\WKH&(YDOXHVZHUHFDOFXODWHGDJDLQVWIHG[\ORVHDVFRPSDUHGWR+XDQJHWDO>@



6XQHWDO>@DQG+XDQJ $QJHOLGDNL>@UHSRUWLQJYDOXHVDJDLQVWUHPRYHG&2'




5HVLGXDO9)$FRQFHQWUDWLRQVLQWKHHQGRIWKHODVWIXOOIHHGLQJF\FOHLQFUHDVHGZLWKVWRULQJWLPH



LQGLFDWLQJHIILFLHQWUHFRYHU\RI9)$SURGXFLQJIHUPHQWDWLYHPLFURRUJDQLVPV9)$VLQFOXGHG



PDLQO\DFHWDWHSURSLRQDWHDQGEXW\UDWHDVDOVRRWKHU[\ORVHIHG0)&V>@7KHKLJKHVW



FRQFHQWUDWLRQVRIWRWDO9)$VZHUHREWDLQHGDIWHUVL[PRQWKVVWRULQJ 7DEOH 5HVLGXDO



SURSLRQDWHDQGEXW\UDWHLQFUHDVHGZLWKLQFUHDVLQJVWRULQJWLPHZKHUHDVDFHWDWHFRQFHQWUDWLRQV



ZHUHVLPLODUDIWHURQHPRQWKDQGVL[PRQWKVVWRULQJDW& 7DEOH 3URSLRQDWH



FRQFHQWUDWLRQVLQ0)&VZLWKDQRO\WHDIWHURQHPRQWKVWRULQJZHUHRQO\RIWKHYDOXHV



REWDLQHGDIWHUVL[PRQWKVVWRUDJH7KHVHUHVXOWVVKRZWKDW[\ORVHIHUPHQWLQJPLFURRUJDQLVPV



UHJDLQHGWKHLUDFWLYLW\DIWHUVWRUDJH$FHWDWHDQGSURSLRQDWHDUHW\SLFDOO\VXLWDEOHVXEVWUDWHVIRU



H[RHOHFWURJHQV>@EXWWKH\ZHUHQRWHIILFLHQWO\XWLOL]HGDQGUDWKHUDFFXPXODWHGWRWKHDQRO\WH



7KLVLQGLFDWHVWKDWORQJWHUPVWRUDJHDWDQG&GLUHFWO\DIIHFWHGWKHH[RHOHFWURJHQVUDWKHU



WKDQRWKHUPLFURRUJDQLVPVLQYROYHGLQWKHDQDHURELFGHJUDGDWLRQRI[\ORVH




 0LFURELDOFRPPXQLW\



0LFURELDOFRPPXQLW\DQDO\VLV )LJXUH UHYHDOHGWKHSUHVHQFHRIZHOONQRZQH[RHOHFWURJHQ



Geobacter sulfurreducens>@ZLWKVLPLODULW\LQDOOWKH0)&VZLWKFRQVLGHUDEOH



SRZHUSURGXFWLRQ UHDFWRUVZLWKDQRO\WHVWRULQJWLPHRIRQHPRQWKRUOHVV $ODPHWDO>@DOVR



IRXQG G. sulfurreducensDIWHUZHHNVVWRULQJDW&DQGIUHH]LQJDW&ZLWKJO\FHUROEXW



UHSRUWHGWKDWWKHVKDUHRI G. sulfurreducensLQPLFURELDOFRPPXQLW\GHFUHDVHGIURPLQWKH



RULJLQDOELRILOPWR$ODPHWDO>@DOVRUHSRUWHGWKDWWKHVWRULQJRIWKHDQRGHELRILOP



LQFUHDVHGWKHGLYHUVLW\RIWKHPLFURELDOFRPPXQLW\6LPLODUO\LQWKLVVWXG\VRPH



PLFURRUJDQLVPVWKDWZHUHQRWGHWHFWHGLQ0)&LQRFXODWHGZLWKIUHVKFXOWXUHVEHFDPHHQULFKHG



DQGWKXVGHWHFWDEOHIURP0)&VLQRFXODWHGZLWKWKHVWRUHGDQRO\WHV7KHVHLQFOXGHGVSHFLHV



KDYLQJKLJKVLPLODULW\WR Lentimicrobium saccharophilum Pluralibacter gergoviaeDQG



Citrobacter freundii )LJXUH7DEOH '**(SURILOLQJRIPL[HGFXOWXUHVLVDWEHVWDVHPL



TXDQWLWDWLYHDQDO\VLV7KLVPHWKRGGRHVQRWGHWHFWPLQRUTXDQWLWLHVRI'1$DQGVRPHRIWKH



PLFURRUJDQLVPVSUHVHQWLQVDPSOHVUHPDLQXQGHWHFWHG>@7KLVPD\EHWKHFDVHIRUVRPH



PLFURRUJDQLVPVLQIUHVKXQVWRUHGVDPSOHV'XULQJVWRUDJHWKHPLFURELDOFRPSRVLWLRQPD\



FKDQJHDQGUHFXOWLYDWLRQPD\WKXVUHVXOWLQHQULFKPHQWRIPLFURRUJDQLVPVWKDWUHPDLQHG



XQGHWHFWHGLQRULJLQDOVDPSOHV




$IWHURQHPRQWKVWRUDJHDW&WKHHOHFWULFLW\SURGXFWLRQLQWKHGXSOLFDWHUHDFWRUVZDV



GLIIHUHQW7KHUHIRUHWKHPLFURELDOFRPPXQLWLHVIURPERWK0)&V¶DQRGHVZHUHFKDUDFWHUL]HG



7KHDQRGHELRILOPZLWKORZHUSRZHUGHQVLW\GLGQRWFRQWDLQ G. sulfurreducensEXWDQRWKHU



H[RHOHFWURJHQ Citrobacter freundii>@ C. freundiiZDVSUHVHQWDOVRLQWKHELRILOPRIRWKHU



0)&VVWDUWHGZLWKDQRO\WHVWRUHGIRURQHPRQWKHLWKHUDW&RU&7KHRQO\EDFWHULXP



ZLWKNQRZQH[RHOHFWRJHQLFDFWLYLW\IRXQGDIWHUVL[PRQWKVVWRULQJDW&ZDV Escherichia coli



>@EXWDIWHUVL[PRQWKVVWRULQJDW&QRNQRZQH[RHOHFWURJHQLFEDFWHULDZHUHGHWHFWHG



$FFRUGLQJWRVHTXHQFLQJUHVXOWV 7DEOH EDQGLGHQWLILHGDV E. coliFRXOGEHDOVR



Tumebacillus flagellatusEXWDVDQDHUREHLWLVXQOLNHO\WKDW T. flagellatusZRXOGJURZLQDQRGH



ELRILOP>@ E coliZDVIRXQGDOVRIURPWKHRWKHUELRILOPVDPSOHVDIWHUVWRULQJDQRO\WHDW



&




$OOWKH0)&ELRILOPVFRQWDLQHGNQRZQIHUPHQWDWLYHEDFWHULD E. coli Proteiniphilum



acetatigenes C. freundiiRU Lentimicrobium saccharophilum >@DQGIDFXOWDWLYHDQDHUREHV



E. coli C. freundiiRU Pluralibacter gergoviae >@7KHSUHVHQFHRIIDFXOWDWLYH



DQDHUREHVLVLPSRUWDQWIRUWKHVWULFWDQDHUREHVEHFDXVHIDFXOWDWLYHDQDHUREHVDUHDEOHWR



FRQVXPHR[\JHQZKLFKLVSRWHQWLDOO\SHQHWUDWLQJWRWKHDQRGHFKDPEHUIURPWKHFDWKRGH



$PRQJWKHLGHQWLILHGEDFWHULD E. coliLVNQRZQWREHDEOHWRGHJUDGH[\ORVH>@DQGLWZDV



IRXQGIURPPRVWRIWKHVDPSOHV7KHUHVXOWVRIPLFURELDOFRPPXQLW\DQDO\VLVDUHLQOLQHZLWK



PHWDEROLFDFWLYLW\UHVXOWVDQGJLYHIXUWKHUHYLGHQFHWKDWORQJWHUPVWRUDJHKDGGLUHFWLQIOXHQFH



RQH[RHOHFWURJHQLFEDFWHULD




 ,PSOLFDWLRQV



%DVHGRQWKHSRZHUSURGXFWLRQ[\ORVHUHPRYDODQGPLFURELDOFRPPXQLW\GDWDIHUPHQWDWLYH



EDFWHULDWROHUDWHGWKHVWRUDJHEHWWHUWKDQH[RHOHFWURJHQLFEDFWHULDERWKDW&DQG&ZKHQ



WKHVWRULQJWLPHZDVVL[PRQWKV3UHYLRXVVWXGLHVKDYHVKRZQWKDWIHUPHQWDWLYHEDFWHULDHJ



IURPFRZUXPHQFDQEHVWRUHGDWOHDVWIRUWZR\HDUVDW&ZLWKJO\FHURO>@+RZHYHUDW



&DJDUGHHSFXOWXUHVRIWKHVDPHPLFUREHVORVWYLDELOLW\DOUHDG\DIWHU\HDUV>@/RZHU



VWRULQJWHPSHUDWXUHVDQGXVHRIFU\RSURWHFWLYHFKHPLFDOVVXFKDVJO\FHUROJHQHUDOO\UHVXOWLQ



KLJKHUVWDELOLW\DQGPRUHVXFFHVVIXOSUHVHUYDWLRQRIPLFURELDOYLDELOLW\DQGDFWLYLW\>@,QFDVH



RIIUR]HQFXOWXUHVWKHUDWHRIWHPSHUDWXUHFKDQJHVERWKGXULQJIUHH]LQJDQGWKDZLQJLVDOVR



LPSRUWDQWIRUWKHVXUYLYDORIWKHPLFURRUJDQLVPV>@7HPSHUDWXUHVEHORZ&DUH



W\SLFDOO\UHFRPPHQGHGIRUPRVWHIILFLHQWFXOWXUHVWRUDJHDVVXFKWHPSHUDWXUHVUXOHRXWWKH



SRVVLELOLW\RISUHVHQFHRIHYHQWUDFHVRIOLTXLGZDWHUWKDWFDQFDXVHFU\RLQMXU\HVSHFLDOO\LI



WHPSHUDWXUHIOXFWXDWHVGXULQJWKHVWRUDJH>@+RZHYHUWHPSHUDWXUHVEHORZ&ZRXOG



UHTXLUHVSHFLDOL]HGHTXLSPHQWDQGOLTXLGQLWURJHQZKLOHWKHIRFXVRIWKLVVWXG\ZDVRQPRUH



FRPPRQO\DYDLODEOHVLPSOHDQGORZFRVWVWRULQJPHWKRGVDYDLODEOHLQHJZDVWHZDWHUWUHDWPHQW



IDFLOLWLHV




,WKDVDOVREHHQVKRZQWKDWVXEMHFWLRQRIPLFURELDOFXOWXUHWRFHUWDLQDGYHUVHFRQGLWLRQVEHIRUH



VWRULQJFDQLQFUHDVHWKHWROHUDQFHRIWKHFXOWXUHWRWHPSHUDWXUHVKRFNVFDXVHGE\VWRULQJDWORZ



WHPSHUDWXUH>@1RVSRUHIRUPLQJEDFWHULDZHUHLGHQWLILHGLQWKHELRILOPVDPSOHVRIWKLVVWXG\



EXWVRPHH[RHOHFWURJHQVVXFKDV Bacillus subtilis>@FDQIRUPHQGRVSRUHVWRVXUYLYHKDUVK



FRQGLWLRQVZKLFKFRXOGDOVRVLJQLILFDQWO\KHOSVWRULQJH[RHOHFWURJHQLFFXOWXUHV+RZHYHU



DOWKRXJKLQGXFLQJRILQWHQWLRQDOVWUHVVRQWKHFXOWXUHFRXOGEHSRVVLEOHXQGHUODERUDWRU\



FRQGLWLRQVLWZRXOGQRWEHDYLDEOHRSWLRQIRUUHDOZDVWHZDWHUWUHDWPHQWDSSOLFDWLRQVEHFDXVHLW



FRXOGFDXVHXQZDQWHGGHWHULRUDWLRQLQWKHTXDOLW\RIWKHWUHDWHGZDVWHZDWHU




%DVHGRQWKHUHVXOWVRIWKLVVWXG\ VWRULQJWLPHFOHDUO\DIIHFWHGWKHVXUYLYDORIEDFWHULDDQGWKH



ODJWLPHIRUHOHFWULFLW\SURGXFWLRQZKHQWKHDQRO\WHZKDWVWRUHGDWRU&ZLWKRXWDQ\



FU\RSURWHFWLYHDJHQWVRULQGXFHGVWUHVVFRQGLWLRQEHIRUHWKHVDPSOLQJ6WRULQJDQRO\WHRIDQ



RSHUDWLQJPL[HGFXOWXUH0)&IRURQHPRQWKDWRU&FDQKHOSWRVSHHGXSWKHSURFHVV



UHFRYHU\ZLWKPLQLPDOSRZHUGHQVLW\ORVVHVRQFOHDQDQRGHHOHFWURGHDIWHUSURFHVVGLVWXUEDQFHV



,QDFWXDO0)&WUHDWPHQWRIZDVWHZDWHUVWRUDJHRIHIIOXHQWDW&ZRXOGVHUYHDVPHDQVWREH



SUHSDUHGIRUSURFHVVXSVHWVDQGWKHLUUHFRYHU\7KHVWRUHGDQRO\WHVKRXOGEHFKDQJHGZLWKIUHVK



RQPRQWKO\EDVLV



&RQFOXVLRQV




7KHUHVXOWVRIWKLVVWXG\GHPRQVWUDWHGWKDWVWRULQJDQRO\WHIURPDQRSHUDWLQJ0)&IRURQHPRQWK



RUOHVVDW&RU&UHVXOWHGLQVLPLODUSRZHUGHQVLW\ :P DVZDVREWDLQHGLQ



UHIHUHQFH0)&VVWDUWHGZLWKIUHVKDQRO\WH)XUWKHUERWKWKHODJWLPHRISURFHVVUHFRYHU\WR



UHDFKUHDVRQDEOHFHOOYROWDJHDQGWKHSHUFHQWDJHRIGHDGFHOOVLQWKHVWRUHGDQRO\WH EDVHGRQ



OLYHGHDGVWDLQLQJ LQFUHDVHGZLWKLQFUHDVHGVWRULQJWLPH$IWHUVL[PRQWKVVWRULQJRIWKHDQRO\WH



VROXWLRQDWHLWKHUWHPSHUDWXUHWKHSRZHUSURGXFWLRQUHPDLQHGQHJOLJLEOH;\ORVHUHPRYDOZDV



QRWDIIHFWHGE\WKHVWRULQJUHPDLQLQJDWLQDOO0)&V6LPLODUO\9)$SURGXFLQJ



PLFURRUJDQLVPVUHPDLQHGDFWLYHLQDOOVWRUDJHFRQGLWLRQVDQGSURGXFHGDFHWDWHDQGSURSLRQDWH



IRUH[RHOHFWURJHQV'HFUHDVHGSRZHUSURGXFWLRQGXULQJORQJWHUPVWRUDJHZDVGLUHFWO\



DVVRFLDWHGZLWKH[RHOHFWURJHQLFEDFWHULD$QRO\WHVWRUDJHDW&IRUPD[LPXPRIRQHPRQWKLV



UHFRPPHQGHGDVVWDUWXSVHHGIRU0)&DIWHUSURFHVVIDLOXUHWRHQDEOHHIILFLHQWSURFHVVUHFRYHU\



7KLVVXJJHVWVWKDWHIIOXHQWVWRULQJIURPFRQWLQXRXVIORZ0)&VZRXOGEHDSUDFWLFDOZD\RI



EHLQJSUHSDUHGIRUSURFHVVXSVHWV




5HIHUHQFHV



>@



%XWWL69HOYL]KL*6XORQHQ0+DDYLVWR-.RURJOX(&HWLQND\D$6LQJK6
$U\D'0RGHVWUD-.ULVKQD.9HUPD$2]ND\D%/DNDQLHPL$03XKDNND



-0RKDQ60LFURELDOHOHFWURFKHPLFDOWHFKQRORJLHVZLWKWKHSHUVSHFWLYHRIKDUQHVVLQJ



ELRHQHUJ\0DQHXYHULQJWRZDUGVXSVFDOLQJ5HQHY6XVW(QHUJ5HY




>@



)HQJ<:DQJ;/RJDQ% /HH+%UHZHU\ZDVWHZDWHUWUHDWPHQWXVLQJDLUFDWKRGH
PLFURELDOIXHOFHOOV$SSO0LFURELRO%LRW  




>@

$EEDVL8-LQ:3HUYH]$%KDWWL=7DULT06KDKHHQ6,TEDO$ 0DKPRRG



4$QDHURELFPLFURELDOIXHOFHOOWUHDWLQJFRPELQHGLQGXVWULDOZDVWHZDWHU&RUUHODWLRQRI



HOHFWULFLW\JHQHUDWLRQZLWKSROOXWDQWV%LRUHVRXU7HFKQRO




>@

9HQNDWD0RKDQ69HOYL]KL0%DEX/ 6DUPD3%LRFDWDO\]HGHOHFWURFKHPLFDO



WUHDWPHQWRIUHDOILHOGGDLU\ZDVWHZDWHUZLWKVLPXOWDQHRXVSRZHUJHQHUDWLRQ%LRFKHP



(QJ-  




>@

3DWLO66XUDNDVL9.RXO6,MPXOZDU69LYHN$6KRXFKH< .DSDGQLV%



(OHFWULFLW\JHQHUDWLRQXVLQJFKRFRODWHLQGXVWU\ZDVWHZDWHUDQGLWVWUHDWPHQWLQDFWLYDWHG



VOXGJHEDVHGPLFURELDOIXHOFHOODQGDQDO\VLVRIGHYHORSHGPLFURELDOFRPPXQLW\LQWKH



DQRGHFKDPEHU%LRUHVRXU7HFKQRO  





>@

.DHZNDQQHWUD3&KLZHV: &KLX77UHDWPHQWRIFDVVDYDPLOOZDVWHZDWHUDQG



SURGXFWLRQRIHOHFWULFLW\WKURXJKPLFURELDOIXHOFHOOWHFKQRORJ\)XHO  








>@

3DQQHOO7*RXG56FKHOO' %RUROH$(IIHFWRIIHGEDWFKYVFRQWLQXRXVPRGHRI



RSHUDWLRQRQPLFURELDOIXHOFHOOSHUIRUPDQFHWUHDWLQJELRUHILQHU\ZDVWHZDWHU%LRFKHP



(QJ-




>@

9HOYL]KL* 9HQNDWD0RKDQ6(OHFWURJHQLFDFWLYLW\DQGHOHFWURQORVVHVXQGHU



LQFUHDVLQJRUJDQLFORDGRIUHFDOFLWUDQWSKDUPDFHXWLFDOZDVWHZDWHU,QW-+\GURJHQ(QHUJ



  




>@

)HUQDQGR(.HVKDYDU]7.\D]]H* )RQVHND.7UHDWPHQWRIFRORXULQGXVWU\



ZDVWHZDWHUVZLWKFRQFRPLWDQWELRHOHFWULFLW\SURGXFWLRQLQDVHTXHQWLDOVWDFNHGPRQR



FKDPEHUPLFURELDOIXHOFHOOVDHURELFV\VWHP(QYLURQ7HFKQRO  




>@

+XDQJ/&KHQ65H]DHL) /RJDQ%5HGXFLQJRUJDQLFORDGVLQZDVWHZDWHU



HIIOXHQWVIURPSDSHUUHF\FOLQJSODQWVXVLQJPLFURELDOIXHOFHOOV(QYLURQ7HFKQRO



  





>@

6LPDWH*&OXHWW-,\XNH60XVDSDWLND(1GORYX6:DOXELWD/ $OYDUH]$



7KHWUHDWPHQWRIEUHZHU\ZDVWHZDWHUIRUUHXVH6WDWHRIWKHDUW'HVDOLQDWLRQ



  




>@

$VKUDIL2<HUXVKDOPL/ +DJKLJKDW):DVWHZDWHUWUHDWPHQWLQWKHSXOSDQGSDSHU



LQGXVWU\$UHYLHZRIWUHDWPHQWSURFHVVHVDQGWKHDVVRFLDWHGJUHHQKRXVHJDVHPLVVLRQ-



(QYLURQ0DQDJH




>@



/LQGEHUJ/:LOOI|U6 +ROPERP%$QWLEDFWHULDOHIIHFWVRINQRWZRRGH[WUDFWLYHV
RQSDSHUPLOOEDFWHULD-,QG0LFURELRO%LRWHFKQRO  




>@

-DGKDY* *KDQJUHNDU03HUIRUPDQFHRIPLFURELDOIXHOFHOOVXEMHFWHGWRYDULDWLRQLQ



S+WHPSHUDWXUHH[WHUQDOORDGDQGVXEVWUDWHFRQFHQWUDWLRQ%LRUHVRXU7HFKQRO



  




>@

/LX*<DWHV0&KHQJ6&DOO'6XQ' /RJDQ%([DPLQDWLRQRIPLFURELDO



IXHOFHOOVWDUWXSWLPHVZLWKGRPHVWLFZDVWHZDWHUDQGDGGLWLRQDODPHQGPHQWV%LRUHVRXU



7HFKQRO  





>@

9RJO$%LVFKRI) :LFKHUQ06XUIDFHWRVXUIDFHELR¿OPWUDQVIHUDTXLFNDQG



UHOLDEOHVWDUWXSVWUDWHJ\IRUPL[HGFXOWXUHPLFURELDOIXHOFHOOV:DWHU6FL7HFKQRO



  




>@



.LP-0LQ% /RJDQ%(YDOXDWLRQRISURFHGXUHVWRDFFOLPDWHDPLFURELDOIXHOFHOO
IRUHOHFWULFLW\JHQHUDWLRQ$SSO0LFURELRO%LRWHFKQRO  




>@

%DXGOHU$5LHGO6 6FKU|GHU8/RQJWHUPSHUIRUPDQFHRISULPDU\DQGVHFRQGDU\



HOHFWURDFWLYHELRILOPVXVLQJOD\HUHGFRUUXJDWHGFDUERQHOHFWURGHV)URQW(QHUJ\5HV



$UWLFOHQXPEHU




>@



3UDNDVK21LPRQNDU<6KRXFKH<3UDFWLFHDQGSURVSHFWVRIPLFURELDOSUHVHUYDWLRQ
)(060LFURELRO/HWW  




>@

-LDQJ;+X-3HWHUVHQ()LW]JHUDOG/-DFNDQ&/LHEHU$5LQJHLVHQ%



/LHEHU& %LIILQJHU-3URELQJVLQJOHWRPXOWLFHOOOHYHOFKDUJHWUDQVSRUWLQ



Geobacter sulfurreducens'/1DWFRPPXQ$UWLFOHQXPEHU





>@

$ODP63HUVVRQ):LOpQ%0+HUPDQVVRQ0 0RGLQ2(IIHFWVRIVWRUDJHRQ
PL[HGFXOWXUHELRORJLFDOHOHFWURGHV6FL5HS$UWLFOHQXPEHU




>@

%MHUNHWRUS-+nNDQVVRQ6%HONLQ6 -DQVVRQ-$GYDQFHVLQSUHVHUYDWLRQPHWKRGV



NHHSLQJELRVHQVRUPLFURRUJDQLVPVDOLYHDQGDFWLYH&XUU2SLQ%LRWHFKQRO  








>@



/Y<:DQ&/LX;=KDQJ</HH'- 7D\-+'U\LQJDQGUHFXOWLYDWLRQRI
DHURELFJUDQXOHV%LRUHVRXU7HFKQRO




>@

/LX+0LFURELDO)XHO&HOO1RYHO$QDHURELF*HQHUDWLRQIURP:DVWHZDWHU,Q.KDQDO



6$QDHURELF%LRWHFKQRORJ\IRU%LRHQHUJ\3URGXFWLRQ3ULQFLSOHVDQG$SSOLFDWLRQV86$



%ODFNZHOO3XEOLVKLQJ




>@ <NVHOHQ03UHVHUYDWLRQFKDUDFWHULVWLFVRI8$6%VOXGJHV-(QYLURQ6FL+HDOWK3DUW



$




>@



/L-=LFDUL6&XL= =KDQJ53URFHVVLQJDQDHURELFVOXGJHIRUH[WHQGHGVWRUDJHDV
DQDHURELFGLJHVWHULQRFXOXP%LRUHVRXU7HFKQRO





>@

$GDY6/HH'- 7D\-$FWLYLW\DQGVWUXFWXUHRIVWRUHGDHURELFJUDQXOHV(QYLURQ
7HFKQRO  




>@



;X+&+H3-:DQJ*=<X*+ 6KDR/0(QKDQFHGVWRUDJHVWDELOLW\RI
DHURELFJUDQXOHVVHHGHGZLWKSHOOHWV%LRUHVRXU7HFKQRO  




>@

%DOIRXU&XQQLQJKDP$%R[DOO1%DQQLQJ1 0RUULV&3UHVHUYDWLRQRIVDOW



WROHUDQWDFLGRSKLOHVXVHGIRUFKDOFRS\ULWHELROHDFKLQJ$VVHVVPHQWRIFU\RSUHVHUYDWLRQ



OLTXLGGU\LQJDQGFROGVWRUDJH0LQHU(QJ




>@

+DDYLVWR-.RNNR0/D\&+ 3XKDNND-(IIHFWRIK\GUDXOLFUHWHQWLRQWLPHRQ



FRQWLQXRXVHOHFWULFLW\SURGXFWLRQIURP[\ORVHLQXSIORZPLFURELDOIXHOFHOO,QW-



+\GURJHQ(QHUJ LQSUHVV  KWWSVGRLRUJMLMK\GHQH




>@



:LOOI|U66XQGEHUJ$3UDQRYLFK$ +ROPERP%3RO\VDFFKDULGHVLQVRPH
LQGXVWULDOO\LPSRUWDQWKDUGZRRGVSHFLHV:RRG6FL7HFKQRO  




>@

&HWLQND\D$2]GHPLU2'HPLU$ 2]ND\D%(OHFWULFLW\SURGXFWLRQDQG



&KDUDFWHUL]DWLRQRI+LJK6WUHQJWK,QGXVWULDO:DVWHZDWHUVLQ0LFURELDO)XHO&HOO$SSO



%LRFKHP%LRWHFKQRO  





>@

0lNLQHQ$(1LVVLOl0( 3XKDNND-$'DUNIHUPHQWDWLYHK\GURJHQSURGXFWLRQ



IURP[\ORVHE\DKRWVSULQJHQULFKPHQWFXOWXUH,QW-+\GURJHQ(QHUJ  








>@

/RJDQ%+DPHOHUV%5R]HQGDO56FKU|GHU8.HOOHU-)UHJXLD6$HOWHUPDQ



39HUVWUDHWH: 5DEDH\.0LFURELDO)XHO&HOOV0HWKRGRORJ\DQG7HFKQRORJ\



(QYLURQ6FL7HFKQRO  




>@

'XERLV0*LOOHV.$+DPLOWRQ-.5HEHUV3$ 6PLWK)&RORULPHWULF



0HWKRGIRU'HWHUPLQDWLRQRI6XJDUVDQG5HODWHG6XEVWDQFHV$QDO&KHP  








>@

0X\]HU*GH:DDO(& 8LWWHUOLQGHQ$*3URILOLQJFRPSOH[PLFURELDOSRSXODWLRQV



E\GHQDWXULQJJUDGLHQWJHOHOHFWURSKRUHVLVDQDO\VLVRISRO\PHUDVHFKDLQUHDFWLRQ



DPSOLILHGJHQHVFRGLQJIRU6U51$$SSO(QYLURQ0LFURE  




>@

0X\]HU*+RWWHQWUlJHU67HVNH$ :DYHU&'HQDWXULQJJUDGLHQWJHO



HOHFWURSKRUHVLVRI3&5DPSOLILHG6U51$±DQHZPROHFXODUDSSURDFKWRDQDO\VHWKH



JHQHWLFGLYHUVLW\RIPL[HGPLFURELDOFRPPXQLWLHV,Q$NNHUPDQV$'/YDQ(OVDV-'GH



%UXLMQ) HGV 0ROHFXODUPLFURELDOHFRORJ\PDQXDO.OXZHU'RUGUHFKW





>@

.RVNLQHQ3(3.DNVRQHQ$+ 3XKDNND-$7KHUHODWLRQVKLS%HWZHHQWKH



,QVWDELOLW\RI+3URGXFWLRQDQG&RPSRVLWLRQVRI%DFWHULDO&RPPXQLWLHV:LWKLQD'DUN



)HUPHQWDWLRQ)OXLGL]HG%HG%LRUHDFWRU%LRWHFKQRO%LRHQJ  




>@

/DNDQLHPL$0+XODWW&-7KRPDV'17XRYLQHQ2+ 3XKDNND-$



%LRJHQLFK\GURJHQDQGPHWKDQHSURGXFWLRQIURP Chlorella vulgarisDQG Dunaliella



tertiolectaELRPDVV%LRWHFKQRO%LRIXHOV  




>@

3DOPURWK057/DQJZDOGW-+$XQROD7$*RL$0QVWHU83XKDNND-$



7XKNDQHQ7$(IIHFWRIPRGLILHG)HQWRQ¶VUHDFWLRQRQPLFURELDODFWLYLW\DQGUHPRYDO



RI3$+VLQFUHRVRWHRLOFRQWDPLQDWHGVRLO%LRGHJUDGDWLRQ  




>@

3LQWR56ULQLYDVDQ%0DQXHO0 7DUWDNRYVN\%$WZRSRSXODWLRQELR



HOHFWURFKHPLFDOPRGHORIDPLFURELDOIXHOFHOO%LRUHVRXU7HFKQRO  








>@

6KL/*QWKHU6+EVFKPDQQ7:LFN/+DUPV+0OOHU6/LPLWVRI



SURSLGLXP,RGLGHDVD&HOO9LDELOLW\,QGLFDWRUIRU(QYLURQPHQWDO%DFWHULD&\WRPHWU\$



  





>@



/RJDQ% 5HJDQ-(OHFWULFLW\SURGXFLQJEDFWHULDOFRPPXQLWLHVLQPLFURELDOIXHO
FHOOV7UHQGV0LFURELRO  




>@



+XDQJ/=HQJ5 $QJHOLGDNL,(OHFWULFLW\SURGXFWLRQIURP[\ORVHXVLQJD
PHGLDWRUOHVVPLFURELDOIXHOFHOO%LRUHVRXU7HFKQRO  




>@

6XQ*7K\JHVHQ$ 0H\HU$$FHWDWHLVDVXSHULRUVXEVWUDWHIRUPLFURELDOIXHOFHOO



LQLWLDWLRQSUHFHGLQJELRHWKDQROHIIOXHQWXWLOL]DWLRQ$SSO0LFURELRO%LRWHFKQRO



  




>@

+XDQJ/ $QJHOLGDNL,(IIHFWRI+XPLF$FLGVRQ(OHFWULFLW\*HQHUDWLRQ,QWHJUDWHG
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Keywords:
Electricity production
Electrode material
Granular activated carbon
Membrane fouling
Microbial electrochemical technology
Thermomechanical pulping wastewater

The aim of this study was to determine an optimal anode material for electricity production and COD removal
from xylose containing synthetic wastewater in an up-ﬂow microbial fuel cell (MFC), and assess its suitability for
treatment of thermomechanical pulping (TMP) wastewater with an enrichment culture at 37 °C. The anode
materials tested included carbon-based electrodes (graphite plate, carbon cloth and zeolite coated carbon cloth),
metal-based electrodes (tin coated copper) and a metal-carbon assembly (granular activated carbon in stainless
steel cage). During continuous operation with xylose, COD removal was 77–86% of which 25–28% was recovered as electricity. The highest power density of 333 ( ± 15) mW/m2 was obtained with the carbon cloth
electrode. However, based on an overall analysis including electrode performance, surface area and scalability,
the granular activated carbon in stainless steel cage (GAC in SS cage) was chosen to be used as electrode for

Abbreviations: AEM, anion exchange membrane; APHA, animal and plant health association; CE (%), coulombic eﬃciency; CEM, cation exchange membrane; COD
(g/L), chemical oxygen demand; CV, cyclic voltammetry; EDTA, ethylenediaminetetraacetic acid; EIS, electrochemical impedance spectroscopy; GAC, granular
activated carbon; GC-FID, gas chromatograph-ﬂame ionization detector; HPLC, high performance liquid chromatography; HRT (days), hydraulic retention time; LSV,
linear sweep voltammetry; MFC, microbial fuel cell; OCV (V), open circuit voltage; Rct, charge transfer resistance; RID, refractive index detector; Rs, ohmic resistance;
SEM-EDS, scanning electron macroscope-energy dispersive x-ray spectroscopy; SS, stainless steel; TMP, thermomechanical pulping; TS (g/L), total solids; TSS (g/L),
total suspended solids; VFA (g/L), volatile fatty acid; VS (g/L), volatile solids; VSS (g/L), volatile suspended solids
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bioelectrochemical treatment of TMP wastewater. The TMP fed MFC was operated in continuous mode with
1.8 days hydraulic retention time, resulting in 47 ( ± 13%) COD removal of which 1.5% was recovered as
electricity with the average power production of 10–15 mW/m2. During operation with TMP wastewater,
membrane fouling increased the polarization resistance causing a 50% decrease in power production within
30 days. This study shows that MFC pretreatment removes half of the TMP wastewater COD load, reducing the
energy required for aerobic treatment.

1. Introduction

by repeating open and closed circuit cycles to increase the power
density [25].
The purpose of this study was to compare carbon-based (graphite
plate and carbon cloth, with and without zeolite coating), metal-based
(tin coated copper) and metal-carbon composed (GAC in stainless steel
cage) anode electrode materials for electricity production and COD
removal in a continuous xylose-fed up-ﬂow MFC with a mixed culture.
The most promising anode material was then utilized to assess the
bioelectrochemical treatment of TMP wastewater in MFCs in terms of
electricity generation and COD removal.

3

Pulp and paper mills generate 10–100 m of wastewater per ton of
produced paper [1]. Such wastewaters may contain hundreds of organic
and inorganic compounds, depending on the process where they are
generated, and could therefore pollute the receiving water bodies if
released untreated [2]. The cost associated with aerobic treatment of
pulp and paper wastewaters, characterized by an organic load of
1–10 g/L chemical oxygen demand (COD) [1] is pushing towards implementation of an anaerobic treatment. This would result in energy
recovery, e.g. in the form of biogas or bioelectricity, as well as decreasing the cost of the successive aerobic treatment step [3].
Thermomechanical pulping (TMP) wastewater is a potential substrate for anaerobic bioprocesses, as it is rich in carbohydrates (25–40%
of the total COD) [3]. In addition, TMP wastewater contains only small
concentrations of inhibitory compounds, such as fatty acids, resin acids,
hydrogen peroxide, sulphite, and sulphate, which are more typical in
chemical pulping wastewater [1]. Biological energy production from
TMP wastewater has been demonstrated in the form of methane [4,5]
and hydrogen [6].
Direct conversion of organic compounds into electricity in microbial
fuel cells (MFCs) is a promising alternative for harnessing energy from
wastewaters [7,8]. In MFCs, an anodic biological reaction is combined
to a cathodic biotic or abiotic reaction to harness electrical energy from
organic and inorganic substrates [9]. A variety of wastewaters has been
used for electricity production in MFCs, including municipal [10,11],
agricultural [12], and industrial wastewaters [13–15]. Despite its relatively high concentration of readily degradable carbohydrates and
acetic acid [3], TMP wastewater has not yet been investigated for
bioelectricity production and COD removal in MFCs.
The adoption of MFCs for wastewater treatment in large scale is
currently hindered by the high cost of the materials, particularly the
electrodes and membranes, and the low power densities [7]. In MFCs,
an eﬃcient anode electrode should be biocompatible, conductive, resistant to corrosion, and have a high surface area [16]. Carbon-based
electrode materials are less conductive than metal-based materials, but
are usually of lower-cost, more biocompatible and have a higher surface
area [17]. Graphite plate and carbon cloth are widely studied carbon
based anode materials, from which conductive carbon cloth with high
surface area has shown its potential in many studies [17]. It has also
been suggested that multi-material electrodes, e.g. combinations of
carbon and metal materials, can signiﬁcantly increase power production compared to plain carbon or metal electrodes [18,19]. Addition of
functional groups to the anodic surface, for example pretreating the
electrode with ammonium or acids, facilitates electron transfer and
bacterial attachment [20,21]. Hydrophilic zeolite coating has been
tested to increase bacterial attachment by enabling access of polar sugar
molecules, which attract bacteria on the electrode surface [22]. In addition, the electrodes should have a large surface area and be easily
scalable. An example of such material is granular activated carbon
(GAC). Granular anode materials are exploited, e.g. in ﬂuidized bed
MFCs where moving particles collide with a current collector [23] or
trapped in a conductive metal cage. In both cases, GAC oﬀers a large
surface area for microbial adhesion and charge accumulation. Furthermore, the capacitive nature of GAC enables charge transfer when
ﬂuidized or loosely packed granules are in contact with current collectors [24]. MFCs with capacitive anode materials can also be operated

2. Materials and methods
2.1. Inoculum and synthetic wastewater
The up-ﬂow MFC used in this study was inoculated with eﬄuent
from another xylose fed up-ﬂow MFC operated at 37 °C originally inoculated with anaerobic sludge (same seed as described by Haavisto
et al. [26]) from a municipal wastewater treatment plant. The synthetic
wastewater was prepared as described by Mäkinen et al. [27] without
addition of EDTA and resazurin. The concentration of yeast extract was
0.02 g/L at start-up, and was omitted during continuous feeding. Xylose
(1.0 g/L) was used as the substrate, and pH of the medium was adjusted
to 7.0 with NaOH. The conductivity of the medium was 12–13 mS/cm.
2.2. Thermomechanical pulping wastewater
The wastewater used in this study, collected from a pulp and paper
mill in Finland, was eﬄuent of a thermomechanical pulping (TMP)
process, in which wood was steamed at approximately 120 °C to obtain
the pulp. The TMP wastewater had a pH of 5.1 and a composition as
speciﬁed in Table 1. To minimize changes in the composition upon
storage, which was demonstrated in a previous study [6], the TMP
wastewater was kept at −20 °C in either 2 L or 5 L containers, and
defrosted 24 h before use. To keep the pH close to 7.0 and increase the
buﬀering capacity, NaHCO3 (0.8 or 2 g/L, as speciﬁed in Section 2.5)
was added to the TMP wastewater. The conductivity of the TMP wastewater was 1.4 mS/cm and increased to 2.0 and 2.9 mS/cm after
Table 1
Characteristics of the thermomechanical pulping (TMP) wastewater.
Parameter

Concentration (mg/L)

TS
VS
TSS
VSS
Total COD
Soluble COD
Total nitrogen
Phospate phosphorous (PO43−-P)
Total dissolved saccharides
Acetate
Alkalinitya
Sodium
Potassium
Magnesium
Calcium

4415 ± 30
3350 ± 125
807 ± 148
755 ± 143
3512 ± 77
3170 ± 16
7.6 ± 0.2
2.4 ± 0.1
1112 ± 190
279 ± 10
114 ± 1
162.0 ± 0.0
22.8 ± 0.2
4.2 ± 0.0
43.9 ± 0.1

a



Measured as mg HCO3−/L.
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adding 0.8 and 2 g/L NaHCO3, respectively. After defrosting and addition of NaHCO3, the TMP wastewater was settled in a 2 L container
for 12 h at 4 °C prior to utilization. The supernatant was then ﬂushed
with N2 for 5 min prior to being fed to the up-ﬂow MFC.

overlapping mesh sheets (Canopy mesh fabric, Cat. #1208, Less EMF
Inc.). The edges were treated with epoxy to prevent oxidation. The
surface of the tin coated wire was smooth as shown by the SEM images
(Fig. S2).
The GAC in SS cage anode electrode was prepared by pouring 9.2 g
(for electrode comparison) or 15 g (for TMP wastewater treatment) of
granular activated carbon (< 2 mm, Alfa Aesar) into a tightly folded
stainless steel sheet (Tilox, 30 wires per inch, wire thickness 0.165 mm)
sewed with Ti wire. The electrode was immersed in water overnight
before use. Based on SEM, the granules had a very rough surface with
irregularities varying from < 1 μm to > 1 mm (Fig. S2).

2.3. Anode electrodes
The anode electrodes used for comparison were: i) graphite plate, ii)
carbon cloth, iii) carbon cloth with zeolite coating, iv) tin coated copper
mesh, and v) granular activated carbon in stainless steel cage (GAC in
SS cage) (Fig. S1 in the Supplementary information). All electrodes used
for comparison had a projected surface area (including both sides of the
electrode) of 0.0056 m2, whereas the GAC in SS cage electrode used for
TMP wastewater treatment was up-scaled to 0.0080 m2. The graphite
plate, carbon cloth (with and without zeolite) and tin coated copper
electrodes were connected to a copper wire with conductive silver glue,
which was covered with epoxy after hardening to prevent oxidation.
The steel cage electrodes were sewed with Ti wire and the long end of
the wire was used as electric wire (Fig. S1).
The graphite plate electrode was prepared by drilling holes on a
graphite plate (McMaster-Carr, Aurora, OH) and reinforcing the electrical wire connection with a screw. The electrode was stored for two
days in 1 M NaOH and rinsed with MilliQ® water prior to utilization.
The graphite plate surface contained irregular surface structures with
shapes < 10 μm in size according to scanning electron microscope
(SEM) images (Fig. S2).
The carbon cloth electrodes had a ﬁber diameter of approximately
10 μm (Fig. S2) and the edges were reinforced with superglue to prevent fraying. Zeolite coating was done using sodium silicate and sodium
aluminate solutions as described by Balkus and Ly [28]. Prior to
coating, the electrode was pretreated in 10% HNO3 solution at 90 °C for
3 h to increase the NaX zeolite attachment by introducing N-groups on
carbon and making the carbon more hydrophilic [29]. Sodium silicate,
sodium aluminate solutions and MilliQ® water were mixed after cooling
down to room temperature until a homogenous mixture was formed
and the electrode was immersed in the mixture immediately. The
mixture was then treated at 90 °C for 3 h in a plastic container followed
by rinsing with MilliQ® water. The presence of zeolite crystals on the
electrode was conﬁrmed by SEM-energy dispersive x-ray spectroscopy
(EDS) analysis. Small crystals (< 1 μm in size, Fig. S2) contained Na, Si,
O, and Al, which are the elements belonging to NaX zeolite [22].
The tin coated copper mesh anode electrode consisted of two

2.4. Up-ﬂow MFC set-up
The up-ﬂow MFC, described by Lay et al. [30] , consisted of a
500 mL anodic chamber and a 250 mL cathodic chamber separated by
an anion exchange membrane (AEM) AMI-7001 or a cation exchange
membrane (CEM) CMI-6001 (Membranes International Inc., USA), as
speciﬁed in Section 2.5. Both membranes had a diameter of 4.5 cm. The
catholyte was 250 mL of potassium ferricyanide (50 mM) in phosphate
buﬀer (100 mM Na2HPO4, pH 7.0). Anode and cathode electrodes were
connected through a 100 Ω resistor. A reference electrode (Ag/AgCl
SENTEK QM710X in 3 M KCl) was connected to the recirculation tube
through a glass capillary (QiS, the Netherlands). The temperature of the
anode chamber was kept stable at 37 ( ± 1) °C using heating coils. The
anolyte was recirculated at a ﬂow rate of 60 mL/min using a peristaltic
pump (Masterﬂex, USA). The cathode electrode was a graphite plate
(0.00385 m2, McMaster-Carr, Aurora, OH) pretreated for one hour with
1 M HCl, stored overnight in NaOH and rinsed with MilliQ® water prior
to use. Sampling ports were located in the anode chamber inlet and
outlet tubes.
2.5. Up-ﬂow MFC operation
For electrode comparison, the up-ﬂow MFC was started with 450 mL
of xylose-containing synthetic wastewater and 50 mL of inoculum. The
MFC was operated semi-continuously with each electrode until a similar power density (< 10% diﬀerence in maximum power densities)
was obtained in three consecutive feeding cycles (5–7 days/cycle), and
then switched to continuous mode (3.5 days HRT). To avoid depletion
of the electron acceptor during continuous feeding, the catholyte was
changed 2–3 times per week.

Fig. 1. Flow chart of the MFC studies presenting anode electrode comparison (26–42 days) and thermochemical wastewater treatment (178 days). Synthetic xylosecontaining wastewater was used in the anode electrode comparison and for the start-up of thermomechanical pulping (TMP) wastewater treatment until the feeding
solution was changed to TMP wastewater on day 24. An anion exchange membrane was used during the anode electrode comparison and changed to cation exchange
membrane during TMP wastewater treatment (on day 45).
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from a fouled membrane by sterile scissors on day 101. A sample of
unused CEM was also collected as a negative control. The samples were
ﬁxed in 4% paraformaldehyde and dehydrated with increasing ethanol
concentration (25, 50, 75, 90 and 100%). Both electrode and membrane
samples were attached on aluminium SEM stubs. Membrane samples
were further coated with carbon to avoid sample charging during SEMEDS analysis.

Prior to operation with TMP wastewater, the MFC was started up
with the xylose-containing synthetic wastewater (450 mL), without
inoculum, for 24 h, resulting in a voltage output of < 3 mV. Then,
50 mL of inoculum, previously stored at 4 °C for 7 days, was added and
the MFC was operated in continuous mode for 23 days with 1 day HRT
to reactivate the microbial community after storing. On day 24, the
synthetic wastewater was replaced with thermomechanical pulping
(TMP) wastewater, supplemented with 0.8 g/L NaHCO3 (Fig. 1). The
MFC was then operated in semi-continuous mode with TMP wastewater
for two cycles of approximately 6 days each. On day 35, the MFC was
switched to continuous mode. The HRT was set to 1.8 days due to the
higher COD concentration (Table 1) and substrate recalcitrance of the
TMP wastewater compared to the synthetic wastewater. On day 39, the
NaHCO3 concentration was increased to 2 g/L to keep the pH close to 7.
On day 45, the AEM was replaced with a CEM and the MFC was operated with a CEM until day 178 (Fig. 1). Between days 1–108, the
membrane was replaced periodically (approximately once per month)
with a new one when the performance of the MFC was not restored
after changing the catholyte. When changing the membrane, the catholyte solution was completely replaced (250 mL) with fresh ferricyanide
solution. Between days 108–178, the CEM was not changed anymore in
order to see how the prolonged operation with the same CEM aﬀects the
power production and eﬄuent quality.

2.7. Electrochemical analyses
Voltage and anode potential (reported vs. Ag/AgCl reference electrode) were measured at a two minute interval using a data logger
(Agilent 34970A, Agilent technologies, Canada). When comparing the
anode electrodes, linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were done with 0.001 V steps and 0.001 V/s scan rate, respectively, using a potentiostat (Palmsens3, Netherlands) after at least
10 days operation in continuous mode. For the GAC in SS cage electrode, CV analysis was repeated with another measurement device
(BioLogic VMP3, France) as the current density (> 5.4 A/m2) exceeded
the upper detection limit of the Palmsens potentiostat. Both LSV and CV
were performed after 30 min of stabilization in open circuit mode and
the catholyte solution was changed before the measurements. The
whole cell LSV limit was set to 0–50 mV above the open circuit voltage
(OCV), whereas anodic CV and LSV were recorded between the anode
potentials of −0.525 V and +0.2 V vs. Ag/AgCl.
During MFC operation with TMP wastewater, power and polarization curves were obtained on day 82 (with fresh CEM) and on day 94
(with fouled CEM) as previously described by Dessì et al. [34]. Whole
cell electrochemical impedance spectroscopy (EIS) was performed on
day 99 (with fouled CEM) and on day 105 (with fresh CEM) using a
potentiostat (BioLogic VMP3, France) in a three-electrode set-up. The
AC amplitude was set to 10 mV and the frequency was varied from
1 MHz to 0.1 Hz with 6 steps per decade. The EIS spectra were simulated in EC-Lab V11.21 software (BioLogic VMP3, France) using a best
ﬁt circuit to obtain diﬀerent impedance values. The randomised simplex method with 5000 iteration was used for ﬁtting and simulation.

2.6. Analytical methods
During semi-continuous operation, anolyte samples were collected
after every feeding, whereas during continuous feeding the anolyte inlet
and outlet samples were collected every 2–3 days. The total and soluble
COD was measured using the dichromate method according to the
Finnish standard SFS 5504. Conductivity and pH were measured with a
conductivity meter (Horiba LAQUAtwin, Japan) and a pH meter (WTW
pH 330 m with Hamilton Slimtrode probe), respectively. Alkalinity,
total solids, volatile solids, total suspended solids and volatile suspended solids were measured according to the APHA standards [31].
Cations were measured using DX-120 ion chromatograph (Dionex,
USA) with AS40 autosampler, IonPac CS12A cation exchange column
and CSRS 300 suppressor (4 mm). The eluent contained 2 mM methane
sulphonic acid and the ﬂow rate was 1 mL/min. Total nitrogen and
phosphate phosphorous (PO43−-P) were measured using the Hach
(USA) Lange kits LCK 238 and LCK 349, respectively, following the
supplier’s instructions.
Total dissolved saccharides were measured as glucose equivalents
by a colorimetric method modiﬁed from Dubois et al. [32]. The reactions contained 1 mL sample, 0.5 mL 5% phenol solution, and 2.5 mL
sulfuric acid and absorbance was measured at 485 nm wavelength.
Monosaccharides (glucose, xylose, arabinose, galactose and cellobiose)
were measured by a high performance liquid chromatography (HPLC)
system equipped with a Rezex RPM-Monosaccharide Pb+ column
(Phenomenex, USA) held at 85 °C and a refractive index detector (RID).
MilliQ® water was used as the mobile phase at a 0.6 mL/min ﬂow rate.
Volatile fatty acids (VFAs) and alcohols were measured by a gas chromatograph (Shimadzu Ordior GC-2010 plus) with ZB-WAXplus column
(Phenomenex, USA) and a ﬂame ionization detector (GC-FID) as described by Haavisto et al. [33]. For the soluble COD and the VFA
analysis, the samples were ﬁltered with 0.45 μm syringe ﬁlters, whereas
for the monosaccharides analysis with HPLC the samples were ﬁltered
with 0.2 μm syringe ﬁlters.
The surface of the CEM and the anode electrodes were studied by
imaging and elemental analysis with a scanning electron microscope
(SEM, ULTRAplus, Zeiss, Germany) equipped with an energy dispersive
spectrometer (EDS, INCAx-act silicon-drift detector, Oxford
Instruments, United Kingdom). The CEM was considered fouled when
power production did not increase after changing the catholyte, approximately after 30 days of continuous up-ﬂow MFC operation with
TMP wastewater. Triplicate samples (approximately 1 × 1 cm) were cut

2.8. Calculations
Current and power densities were calculated according to Ohm’s
law [9] and normalized to the projected anode surface area (0.0056 m2
for electrode comparison or 0.0080 m2 for TMP wastewater treatment)
or anode chamber volume (500 mL). Average stable current and power
densities for electrode comparison were calculated during three separate stable 24 h periods after catholyte replacements when current
densities did not vary > 3% (later referred to as current and power
densities). The internal resistance was estimated either from the LSV
data, or from the slope of the polarization curve [9]. During anode
material comparison, theoretical COD and electrons in the inﬂuent and
eﬄuent were calculated according to Van Haandel and Van der Lubbe
[35] by converting xylose and VFA concentrations from the stable operation period to COD equivalents. Coulombic eﬃciency (CE) was
calculated according to Logan et al. [9] based on theoretical COD removal (determined by calculating xylose and VFAs as COD equivalents)
during electrode comparison, or on the total COD removal when the
MFC was operated with TMP wastewater. An example of CE calculation
based on the theoretical COD removal is given in the Supplementary
information.
3. Results and discussion
3.1. Bioelectrochemical treatment of xylose-containing synthetic wastewater
with diﬀerent anode materials
3.1.1. Power and current production
Power densities between 265 and 333 mW/m2 were obtained from
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charge accumulation [16,23].

xylose in a continuous MFC operation with the diﬀerent carbon-based
anode materials (Table 2). A slightly higher one-day average power
density of 358 mW/m2 was obtained with the tin coated copper mesh
electrode on day 2 of semi-continuous operation. However, the power
density declined on day 3 (Fig. S3) due to copper oxidation and solubilization. Copper has an excellent electrical conductivity and is widely
used in electrical wires, but it is not stable in oxidative environments,
such as the anodic chamber, and forms copper oxides toxic to microorganisms [36]. The results of Zhu and Logan [36] also indicated that
copper corrosion can result in abiotic current production in MFCs.
Despite the tin coating used in this study to prevent corrosion [37], the
dark color of the electrode (Fig. S1) suggested its oxidation during MFC
operation. Thus, MFC operation with this electrode was not continued.
A power density of 333 mW/m2 was obtained with the carbon cloth
electrode. Zeolite coating on carbon cloth, with pretreatment in 10%
HNO3 solution, decreased the power density by 20% in this study,
which is in disagreement to Wu et al. [22], who reported a 152% increase in power density after applying a zeolite coating on a graphite
felt. In this study, zeolite coated carbon cloth was also studied without
the pretreatment in 10% HNO3 solution, but due to the similar power
densities (254 ± 10 mW/m2) and CV curves (results not shown) to the
zeolite coated carbon cloth with pretreatment, only the results with
pretreatment are compared with the other electrodes. The power density with the graphite plate electrode (309 mW/m2) was lower compared to non-coated carbon cloth, as was also reported by Pocaznoi
et al. [38].The GAC in SS cage electrode resulted in a power density of
274 mW/m2 (18% smaller than with the non-coated carbon cloth). The
GAC was not ﬁxed on the surface of the stainless steel mesh, and the
loose contact of the irregularly shaped porous particles may have
caused the relatively high internal resistance [39], which was the
second highest (72 Ω) among the electrodes, after the zeolite coated
carbon cloth (Table 2).
Although carbon cloth resulted in the highest current densities
during continuous operation (0.77 A/m2 at an anode potential of
−433 mV), turnover CV curves show that at −400 mV anode potential,
the highest current density (1.0 A/m2) was measured with graphite
plate, while the current densities with other materials were
0.24–0.40 A/m2. Turnover CV curves also show that GAC in SS cage and
graphite plate enabled considerably higher current densities than the
other two electrode materials at more positive anode potentials (Fig. 2).
The maximum current densities of bare and zeolite coated carbon
cloths were 1.8 and 1.9 A/m2 at anode potentials of −270 and
−300 mV, respectively, but the current densities were suppressed by
power overshoot at more positive anode potentials (Fig. 2). Power
overshoot is a complex phenomenon and has been suggested to occur
due to, e.g., higher electron transfer rate from bacteria to the electrode
compared to production rate [40], diﬀerences in microbial community
composition and the amount of bacterial electron transfer components
[41], or limited proton transfer out of the bioﬁlm decreasing the bioﬁlm
pH [42]. Both the graphite plate and GAC in SS cage electrode showed
higher current densities (> 5.2 A/m2) in the CV analysis compared to
carbon cloth at anode potentials higher than −0.19 V. One reason for
the high current densities with GAC at a scan rate of 1 mV/s is the
capacitance due to the very large surface area, which is a desired
property for MFC anodes since it favours both bacterial attachment and

3.1.2. Treatment of synthetic wastewater
During continuous MFC operation with synthetic wastewater, the
xylose removal eﬃciency was above 95% regardless of the electrode
material and the anolyte pH ranged between 6.7 and 7.0. The eﬄuent
contained mainly acetate (4–5 mM) and propionate (ca. 1.5 mM). The
theoretical COD removal eﬃciency (calculated from measured VFA and
xylose concentrations) was the highest with the carbon cloth
(86 ± 1%) and varied between 77 and 81% with the other electrodes
(Table 3). CE varied between 25 and 28%. Electrons in the eﬄuent and
current production together accounted for 34–42% of the inﬂuent
electrons, showing that the majority of the electrons was directed to
other processes such as bacterial growth and methane generation [43].
3.1.3. Electrode material selection
Electrode selection for bioelectrochemical treatment of TMP wastewater was based on performance criteria (COD removal, power density and obtainable current) and material characteristics (actual surface
area and scalability) as summarized in Table 4 (more detailed material
scalability comparison is given in Table S1). GAC in SS cage was rated
as the best electrode material (Table 4) and selected for TMP wastewater treatment. GAC is an easily scalable electrode material that can
be used in various reactor conﬁgurations due to its high speciﬁc surface
area, capacitive behavior and 3D structure [23,24]. Graphite plate and
carbon cloth were ranked equally to the second place due to higher
COD removal with carbon cloth and higher current density in CV
analysis with graphite plate. With zeolite coating on carbon cloth, both
the average power density and COD removal eﬃciency decreased as
compared to that of bare carbon cloth. Hence it was ranked fourth. With
tin coated copper electrode, the MFCs never started to generate stable
current density due to copper oxidation, hence it was ranked as the
least favorable electrode material.
3.2. Bioelectrochemical treatment of TMP wastewater
3.2.1. Power production
The up-ﬂow MFC was started with synthetic wastewater containing
xylose, at 1 day HRT, obtaining a power of about 150 mW/m2 (2.4 W/
m3) within the ﬁrst day of operation (Fig. S4a). However, the power
production from xylose gradually decreased with time, being 65 mW/
m2 (1 W/m3) on day 21, but then increased back to about 150 mW/m2
after replacing the AEM with a fresh one (Fig. S4a). This suggests that
the deterioration of the membrane was decreasing the MFC performance, as previously reported also by Miskan et al. [47].
On day 24, the change of substrate from xylose to TMP wastewater
and the change of operation mode from continuous to semi-continuous
caused a drop in the power production to as low as 1 mW/m2 after two
feeding cycles (Fig. S4b). The lower power production was likely caused
by the lower conductivity of the TMP wastewater compared to the
xylose-containing synthetic wastewater (2 mS/cm vs. 12–13 mS/cm),
which increased the internal resistance and hampered ion transfer [48].
Furthermore, when the MFC was operated in semi-continuous mode,
addition of 0.8 g/L NaHCO3 to the TMP wastewater was not enough to
prevent acidiﬁcation of the anolyte. The anolyte pH decreased to below

Table 2
Eﬀect of anode material on production of stable power and current densities, anode potential (mV vs. Ag/AgCl), and cell internal resistance according to linear sweep
voltammetry obtained with the diﬀerent electrode materials during continuous feeding.
Anode electrode

Power density (mW/m2)

Power density (W/m3)

Current density (A/m2)

Anode potential (mV)

Internal resistance (Ω)

Carbon cloth
Graphite plate
GAC in SS cagea
Zeolite coated carbon cloth

333
309
274
265

3.7
3.5
3.1
3.0

0.77
0.74
0.70
0.69

−433
−428
−402
−433

54
61
72
88

a

±
±
±
±

15
15
15
14

±
±
±
±

0.2
0.2
0.2
0.2

Granular activated carbon in stainless steel cage.


±
±
±
±

0.02
0.02
0.02
0.02

±
±
±
±

2
6
4
2
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Fig. 2. Anodic linear sweep (a) and cyclic (b) voltammetry obtained with the diﬀerent anode electrodes during continuous MFC operation with xylose. GAC in SS
cage stands for granular activated carbon in stainless steel cage.

could have contributed to the increasing power production, especially
in the ﬁrst operating days with the fresh membrane.
On day 45, replacing the AEM with a CEM resulted in a 2 to 3-fold
increase in the obtained power density (Table 5). The low power production with the AEM was likely due to the ﬂow of phosphate anions
from the cathodic to the anodic chamber [50], which may have caused
precipitation of salts when in contact with the Ca2+ ions present in the
wastewater (Table 1). Such an issue was mitigated, although not solved,
using a CEM (as discussed in Section 3.2.3).
During the operation in continuous mode (Fig. 3), power peaks of
75–100 mW/m2 were obtained when the CEM was replaced with a fresh
one (on days 45, 71, and 109). This can be attributed to the high surface
area of the fresh CEM available for proton exchange, as compared to the
used one, in which CEM fouling likely limited proton diﬀusion (see
Section 3.2.3). Furthermore, the catholyte was entirely (250 mL) replaced with fresh 50 mM ferricyanide solution when the CEM was
changed, increasing the availability of the electron acceptor at the
cathode. Within a few days after replacing the CEM, the power decreased to 10–15 mW/m2 and remained stable for 20–35 days (Fig. 3;
Table 5). For longer operation periods, the power production decreased
further to an average of 2.4 mW/m2, and the performance of the MFC
was not recovered after replacing the catholyte due to CEM fouling
(Fig. 3; Table 5).
An average CE below 2% was obtained from TMP wastewater in the

Table 3
Theoretical COD removal eﬃciency, share of the supplied electrons in the efﬂuent in the form of acetate, propionate and xylose, and Coulombic eﬃciency
during stable, continuous operation with synthetic wastewater.
Anode electrode

Theoretical COD removal
eﬃciency (%)

Electrons in
eﬄuent (%)

CE (%)

Graphite plate
Carbon cloth
Zeolite coated carbon
cloth
GAC in SS cagea

77 ± 4
86 ± 1
79 ± 9

23 ± 4
14 ± 1
21 ± 9

28
26
25

81 ± 3

19 ± 3

25

a

Granular activated carbon in stainless steel cage.

6 in a few days, likely reducing the activity of anodic microorganisms
[49].
Switching the operation mode from semi-continuous to continuous
(HRT 1.8 days) on day 35, the power production only slightly increased
to 2.5 mW/m2 (Fig. S4c). After starting the continuous feeding, the pH
remained low (< 6). On day 39, increasing the NaHCO3 concentration
to 2 g/L not only stabilized the pH to values close to 7 and conductivity
to about 3 mS/cm, but also increased the power production to an
average of 5 mW/m2 (Table 5; Fig. S4c). However, it should be noted
that the AEM was replaced with a fresh one on day 39 as well, which

Table 4
Selection criteria for anode electrodes for bioelectrochemical wastewater treatment.
Performance criteriaa
Anode electrode

COD removal

GAC in SS cage
Carbon cloth
Graphite plate
Zeolite coated carbon cloth
Tin coated copper

+++
+++
++
++
n.a.

b

Material characteristics
Power density
++
+++
+++
++
n.a.

c

Current
++
+
++
+
n.a.

d

Actual surface areae

Electrode scalabilityf

Overall rating

+++
+
+
+
+

+++
++
++
++
+

1.
2.
2.
4.
5.

n.a. Not analysed (current production with tin coated copper deteriorated before continuous feeding was started).
a
Based on experimental data of this study.
b
Based on COD removal obtained during continuous feeding (> 80% +++, 60–80% ++, < 60% +).
c
Based on the average, stable power densities under continuous feeding (> 300 mW/m2 +++, 250–300 mW/m2 ++, < 250 mW/m2+).
d
The highest current densities obtained during CV analysis at turnover conditions (> 10 A/m2 +++, 5–10 A/m2 ++, < 5 A/m2+).
e
Surface area of the electrodes calculated for the size of the electrodes used in this study (> 1000 m2 +++, 100–1000 m2 ++, < 100 m2+). The speciﬁc
surface areas are based on literature: carbon cloth Brunauer-Emmett-Teller (BET) 2.39 m2/g [44]; graphite plate BET 0.6 m2/cm2 [45]; GAC 500–2000 m2/g [46]; tin
coated copper mesh area was calculated from electrode weight (1.0 g), copper density (8.96 g/cm2) and wire diameter (0.1 mm) assuming smooth surface.
f
Scalability criteria are speciﬁed in more detail in Table S1.
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Table 5
Average power and current densities, inﬂuent and eﬄuent COD, and Coulombic eﬃciency (CE) obtained in the up-ﬂow MFC continuously fed with thermomechanical pulping wastewater with either an anion or a cation exchange membrane.
Operation days

Membranea

Power density (mW/m2)

Power density (W/m3)

Current density (mA/m2)

Inﬂuent CODtotb (g/L)

Eﬄuent CODtotb (g/L)

CE (%)

39–45
45–55
71–91
108–142
60–71, 92–101, 147–178

AEM
CEM
CEM
CEM
Fouled CEM

5.0
11.0
15.0
14.0
2.4

0.08
0.18
0.24
0.22
0.04

0.08
0.12
0.14
0.13
0.04

4.23
4.94
4.29
4.36
4.10

3.30
2.77
2.38
1.98
2.00

1.7
1.1
1.5
1.1
0.5

a
b

AEM, anion exchange membrane; CEM, cation exchange membrane.
Total chemical oxygen demand.

upﬂow MFC. The CE was calculated based on the total COD removal
(i.e. the diﬀerence between inﬂuent and eﬄuent COD). Although the
TMP wastewater was settled before feeding to the MFC, some suspended solids were present in the inﬂuent, and accumulated in the
MFC. The presence of VFAs in the eﬄuent, as shown in Section 3.2.2,
suggests that the HRT of 1.8 days was likely not enough for achieve a
full conversion of VFAs to electricity, requiring optimization. Electrons
may also have been consumed via reduction of sulphate, found in TMP
wastewater with concentrations of 140–300 mg/L [5], whereas methane or hydrogen were not detected in the gas bag. Furthermore, a
small share of electrons was directed to microbial growth.
As shown by the polarization data (Fig. 4) collected 10 days after
CEM replacement on day 81, a maximum power of 28 mW/m2 was
obtained at a current density of 83 mA/m2 (500 Ω external resistance).
In the following days, the power production decreased, and a maximum
power of only 15 mW/m2 was obtained when the polarization analysis
was repeated on day 94 (Fig. 3). This was attributed to the CEM fouling
(see Section 3.2.3), which caused an increase of the whole cell internal
resistance from 470 Ω on day 81 to 786 Ω on day 94, as estimated from
the slope of the linear part of the polarization curves (Fig. 4).
A power density up to 71 mW/m2 (during polarization) was obtained from wastewater produced by hydrothermal treatment of raw
wood (3.3 g/L total COD) in an air-cathode MFC [14] as compared to
28 mW/m2 obtained in this study. The characteristics of such wastewater were similar to those of the TMP wastewater used in this study,
suggesting that the diﬀerence in power output can be attributed to the
diﬀerent MFC conﬁguration. In particular, the distance between the
anode and cathode electrode, in combination with the low conductivity
of the TMP wastewater, likely resulted in high ohmic losses in this
study.

Fig. 4. Power (black) and polarization (white) curves obtained from the upﬂow MFC continuously fed with thermomechanical pulping wastewater. The
analysis was done with fresh (squares) and fouled (circles) cation exchange
membrane on day 82 and 94, respectively.

substrate (days 39–178), the up-ﬂow MFC was fed with 4.1 ( ± 1.3) g/L
total COD, of which 3.1 ( ± 0.5) g/L was soluble COD (Fig. 5). The total
COD concentration in the inﬂuent varied during the operation and increased occasionally up to 8–9 g/L (Fig. 5a) due to variations in the
quantity of suspended solids in the feed (not removed by settling) or
due to the detachment of biomass that colonized the inﬂuent tubes after
the ﬁrst two weeks of MFC operation with TMP wastewater. Microorganisms attached in the inﬂuent tubing were likely partially fermenting the sugars present in the TMP wastewater, resulting in a
concentration of 0.7 ( ± 0.2) g/L COD acetate and 0.2 ( ± 0.1) g/L COD
butyrate in the MFC inﬂuent, higher than the concentrations detected
when characterizing the TMP wastewater (Table 1).
An average COD removal eﬃciency (both total and soluble) of
47–48% was obtained between days 45–178. This resulted in an efﬂuent containing 2.1 ( ± 0.4) g/L total COD and 1.6 ( ± 0.3) g/L

3.2.2. COD removal from thermomechanical pulping wastewater
For continuous mode operation with TMP wastewater as the

Fig. 3. Power generated from thermomechanical pulping wastewater in the up-ﬂow MFC operated in continuous mode with a cation exchange membrane. The white
arrow represents the replacement of catholyte with fresh ferricyanide solution, and the black-white arrow represents the replacement of both the membrane and
catholyte.
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Fig. 6. SEM image of the crystalline structures found on the cation exchange
membrane after 30 days of MFC operation with thermomechanical pulping
wastewater containing 2 g/L NaHCO3.

% of the soluble COD in the eﬄuent, whereas monosaccharides were
not detected. A share of the uncharacterized soluble COD was likely
from derivates of lignin, which are recalcitrant to biological treatment
and have been reported to account for 16–49% of COD in TMP wastewater [3].
3.2.3. Characterization of the membrane fouling
SEM-EDS analysis of the anodic side of the CEM after 30 days of
operation showed a prevalence of inorganic fouling, which likely
caused the power density drop from 70 mW/m2 (on day 71) to 2 mW/
m2 (on day 101) (Fig. 3). Bacterial cells (Figs. 6 and S5) and nucleic
acid (measured by Nanodrop) were not observed on the membrane
surface in this study, conﬁrming a minor role of biofouling. According
to SEM-EDS, most of the surface of the membrane analysed was covered
by crystals mainly consisting of calcium, phosphorous and oxygen
(Figs. 6 and S5a–c). Ca2+ ions, detected in the TMP wastewater with a
concentration of 43.9 mg/L (Table 1), were likely occupying the active
sites (sulphonate groups, Fig. S5d) of the CEM, as previously reported
by Choi et al. [51]. The phosphorous concentration in the TMP wastewater was low (Table 1), but a cross-over of phosphate from the
cathodic to the anodic chamber through the CEM cannot be excluded.
However, such an issue is not relevant for possible full-scale application
if the ferricyanide in phosphate buﬀer is replaced with a more sustainable catholyte such as air, or with a biocathode.
The EIS was performed to characterize the resistance of the CEMs
used in the MFCs at diﬀerent time points. As shown by the Nyquist plot
of the EIS experimental data (Fig. 7a) and its simulation according to
the equivalent circuit (Fig. 7b), the charge transfer resistance (Rct) was
the major kinetic limitation in the up-ﬂow MFC. Rct increased from 81
to 466 Ω, as estimated from the diameter of the semi-circles [52], due to
CEM fouling, which limited proton conductivity. In fact, the internal
resistance caused by the separator is a key factor in MFC performance
[12], especially if the membrane has been fouled. As expected, the
ohmic resistance (RS), represented by the intercept of the impedance
curves with the x-axis, was about 95–100 Ω regardless of the fouling
level of the CEM.

Fig. 5. Concentration of total (a) and soluble (b) COD in the inﬂuent and efﬂuent of the up-ﬂow MFC and volatile fatty acids detected in the eﬄuent (c)
during the operation in continuous mode with thermomechanical pulping
wastewater as the substrate using a cation exchange membrane.

soluble COD (Fig. 5a and b), having a pH of 7.2 ( ± 0.3). This suggests
that, despite the presence of recalcitrant compounds [3] and low concentration of nutrients (Table 1), TMP wastewater can be treated in an
MFC to decrease its COD content. A lower total COD (29%) and a similar soluble COD removal (51%) eﬃciency was obtained by Huang
and Logan [48] in a MFC treating paper recycling plant wastewater (1.4
and 0.2 g/L total and soluble COD). They were able to increase the total
and soluble COD removal eﬃciencies to 70 and 75% upon addition of
50 mM phosphate buﬀer due to the increased conductivity and buffering capacity [48].
During continuous operation with TMP wastewater and AEM, the
acetate concentration in the eﬄuent increased up to 1.6 g/L COD on
day 45, although the anolyte pH remained stable at 7.0 ( ± 0.2). When
the AEM was replaced by a CEM, the acetate concentration in the efﬂuent decreased to 0.4 g/L COD by day 70 (Fig. 5c), suggesting an increased activity of acetate utilizing microorganisms although acetate
was not totally consumed. This was likely due to the higher availability
of protons for the cathodic reactions, and the consequent lower resistance for the electricity producing pathway at the anode. Butyrate
and propionate were generally detected at low concentrations in the
eﬄuent, although butyrate reached 0.5 g/L COD on days 65–81, before
decreasing again to < 0.1 g/L COD (Fig. 5c). On days 45–178, when the
up-ﬂow MFC was operated with a CEM, VFAs accounted for 44 ( ± 14)

3.3. Practical implications
The results of this study suggest that bioelectrochemical pretreatment can be implemented to reduce the COD concentration of TMP
wastewater by about 50%. This would reduce the energy required for
aeration in the subsequent conventional activated sludge process,
which is typically 900–1000 Wh/kg COD removed [53], as well as
generate an average electrical power of 3.5–5 Wh/kg COD removed
(10–15 mW/m2) with a 1.8 days HRT. However, for further process
development, ferricyanide should be replaced with an air cathode or
biocathode to reduce costs and environmental impacts, and distance
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Fig. 7. Nyquist plot of the impedance spectrum obtained from the up-ﬂow MFC continuously fed with thermomechanical pulping wastewater with fresh and fouled
cation exchange membrane (a) and best ﬁt circuit diagram for the up-ﬂow MFC used in this study (b).
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between anode and cathode electrodes should be reduced to improve
the power production and CE by decreasing the internal resistance.
Sustainability of the electrode materials could be enhanced by replacing the GAC with e.g. conductive biochar granules obtained from
high temperature pyrolysis of waste material. For example, the use of
biochar from coconut shells as anode in sediment MFCs has been reported by Chen et al. [54]. Alternatively, the GAC granules could be
ﬂuidized to decrease mass transport limitations [23].
In case of fouling, mitigation strategies such as modiﬁcation of
membrane charge, hydrophobicity and roughness, use of cleaning
agents, and electrical methods such as polarity reversal, pulse electric
ﬁeld or overlimiting current regime need to be evaluated [55]. Among
them, a pulse electric ﬁeld can be easily implemented to MFCs using a
square electric wave generator connected to the two electrodes. The
application of 8 mA/cm2 (10 V) pulses for 2 h, with a sequence of 2.5 s
pulse and 0.5 s pause were tested during this study, but they failed in
remediating the fouled CEM (50 days MFC operation with TMP wastewater, results not shown). Higher voltages and optimized sequence time
could possibly help in reducing membrane fouling, but installation of
an auxiliary anode electrode is suggested for applying the pulses to
avoid damaging the anodic microbial community [56].

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cej.2019.04.089.
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community analysis revealed that anode bioﬁlm contained known exoelectrogens,
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anode bioﬁlm. The peak power densities were obtained at 1e1.7 d HRTs and xylose
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degraded almost completely even with the lowest HRT of 0.17 d, which demonstrates the
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efﬁciency of up-ﬂow MFC for treating synthetic wastewater containing xylose.
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Introduction
Sustainability in wastewater management requires energy
and performance efﬁciencies. The energy-rich compounds in
wastewater should be converted to useful energy. One possibility to recover energy from wastewaters is production of
electricity using microbial fuel cells (MFCs) [1,2]. In MFCs,

microorganisms oxidize wastewater constituents and convert
their chemical energy into electricity with simultaneous
wastewater puriﬁcation [3].
In Finnish paper, cardboard and pulp mills, in 2013,
approximately 500 Mm3 of wastewater was produced [4] containing cellulose and hemicellulose. Glucuronoxylans with
xylose as the most abundant monomer, are hemicellulose that

Abbreviations: CE, Coulombic efﬁciency (%); COD, chemical oxygen demand; DGGE, denaturing gradient gel electrophoresis; HRT,
hydraulic retention time (d); MFC, microbial fuel cell; OLR, organic loading rate (g/L/d); PCR, polymerase chain reaction; SL, sequence
length; UV, ultraviolet; VFA, volatile fatty acid.
* Corresponding author. Laboratory of Chemistry and Bioengineering, Tampere University of Technology, P.O. Box 541, FI-33101
Tampere, Finland.
E-mail address: johanna.haavisto@tut.ﬁ (J.M. Haavisto).
http://dx.doi.org/10.1016/j.ijhydene.2017.05.068
0360-3199/© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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is present in high concentrations especially in hardwood [5].
The occurrence of hemicellulose and thus xylose in forest industry wastewaters decreases the cost-effectiveness of the
treatment process if xylose is not degraded [6]. For example, a
yeast Saccharomyces cerevisiae cannot utilize xylose for bioethanol production without gene modiﬁcation [7]. However, it
has been reported that in MFCs xylose can be anaerobically
converted to electricity [8e11].
Continuous treatment is a prerequisite for efﬁcient and
low-cost wastewater treatment. Only a few studies have reported continuous electricity production from xylose [8,10]. In
continuous operation, organic loading rate (OLR) has a
remarkable effect on electricity production [12] and the OLR is
controlled by the HRT used. By now, several different reactor
conﬁgurations have been tested for simultaneous electricity
production and wastewater treatment, from which up-ﬂow
reactors are easily scalable and have comparatively low
space requirements and thus have potential for future applications [12e16]. Up-ﬂow reactors can be operated with high
OLRs [17], i.e. low HRTs, and to treat wastewaters containing
compounds, such as phenol [18]. Recently, granular activated
carbon (GAC) has been reported at the MFC anodes to increase
the surface area and performance of anodes as well as their
wastewater treatment efﬁciency [19,20]. GAC can be combined
with up-ﬂow reactors, i.e. ﬂuidized bed reactors [21], which
further highlights the importance of up-ﬂow conﬁguration for
bioelectrochemical systems in the future [20]. To make MFCs
economically feasible for wastewater treatment, the treatment time should be close to the conventional processes. This
makes HRT an important operational parameter [22].
This study examined the effects of HRT and organic
loading rate on the ability of an up-ﬂow MFC to convert xylose
to electricity by further optimizing the operation parameters
reported by Lay et al. [10]. The COD removal efﬁciencies and
microbial communities at the anolytes were determined for
each tested HRT. In addition, the microbial community of the
bioﬁlm was characterized in the end of the experiment.
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of EDTA, yeast extract, and resazurin. Xylose (0.5 g/L) was
used as substrate and pH of the medium was adjusted to 7.0
with NaOH before feeding. During continuous operation,
inﬂuent container was kept in a cool box (approximately 9  C)
to minimize microbial growth outside the reactor. The catholyte was potassium ferricyanide (50 mM K3Fe(CN)6) in phosphate buffer (100 mM Na2HPO4, pH 7.0). Catholyte was
circulated after day 83 through a container (500 mL) with a
minimum ﬂow rate of 0.2 mL/min. MFC was started as fedbatch where 0.5 g/Lanode chamber volume xylose was added with
an interval of 4e7 days. Continuous operation was started on
day 43 with 3.5 d HRT, and HRT was gradually decreased to
0.17 d. Inoculum [10] was originally enriched from a compost
culture.

Analyses
Electrochemical measurements and calculations
Cell voltage and anode potential were measured at 2 min intervals with an Agilent 34970A data Acquisition/Switch Unit
(Agilent, Canada). The current was calculated from cell
voltage (U) and external resistance (R) with ohm's law. Current
and power densities were calculated against the projected
area of the anode electrode (0.00385 m2) or the volume of the
anode chamber (0.5  103 m3).
Performance analyses were performed at the end of each
HRT by measuring cell voltage and anode potential after
30 min of stabilization with different external resistances
(1000 U, 499 U, 240 U, 100 U, 10 U) and at open circuit mode.
Power density and polarization curves were drawn from performance analyses results. Internal resistances were further
estimated from the slopes of polarization curves according to
Ref. [24].
Coulombic efﬁciency (CE) was calculated at each HRT using
the measured cell voltage and the added inﬂuent xylose concentration over the periods with stable cell performance according to Equation (1)
Z
Ms

t2

U

dt

t1 R
tb va
c
Fbes HRT

Materials and methods

CE ¼

MFC construction and operation

where Ms ¼ molecular weight of xylose (g/mol), t2  t1 ¼ time
period of the measurement (d), F ¼ Faraday's constant
(96,485 C/mol * e), bes ¼ number of the electrons released per
mol of xylose (20e), va ¼ working volume of anode chamber
(L), HRT ¼ hydraulic retention time (d) and c ¼ xylose concentration (g/L).

The up-ﬂow MFC used was similar to the one used by Lay et al.
[10]. Anode and cathode chambers (working volumes 500 mL
and 250 mL, respectively) of dual-chambered up-ﬂow MFC
(Fig. 1) were separated with an anion exchange membrane (∅
4.5 cm, AMI-7001, Membranes International Inc., USA). The
membrane was changed on days 23, 78, 117, 132, and 159 due
to membrane fouling. Flat plate graphite electrodes at the
anode and cathode (0.00385 m2, McMaster-Carr, Aurora, OH)
and 100 U external resistance were used [10]. A reference
electrode (Ag/AgCl in 3 M KCl solution, 205 mV vs. standard
hydrogen electrode (SHE), SENTEK QM710X) was attached to
the anode recirculation tubing on day 15 through a glass
capillary (QiS, the Netherlands). Anolyte temperature was
maintained at 37  C with heating coils around the anode
chamber. Temperature was measured from the circulated
anolyte which had a ﬂow rate of 60 mL/min [10]. Medium was
€ kinen et al. [23] without addition
prepared as described by Ma

;

(1)

Sampling and chemical analysis
Xylose concentration, pH, and volatile fatty acids (VFAs) and
alcohols were analyzed 3 times a week. During batch mode
operation, samples were taken from sample port a (Fig. 1)
before substrate was added. During continuous operation,
samples were taken from sample port b (Fig. 1) and from
efﬂuent and inﬂuent. Samples for VFA, ethanol and xylose
analysis were ﬁltered through 0.2 or 0.45 mm PET ﬁlter. WTW
pH 330 meter was used for measuring pH.
Xylose concentration was measured with phenol-sulfuric
acid method [25] using customized sample and reagent volumes (1 mL sample, 0.5 mL 5% phenol solution, and 2.5 mL
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Fig. 1 e Diagram of MFC construction. 1) Anode electrode, 2) Cathode electrode, 3) Reference electrode, 4) External resistance,
5) Temperature sensor, 6) Anion exchange membrane, 7) to 9) Peristaltic pumps, 10) Electrical wires connected to data
logger, a) to c) Sampling ports.

sulfuric acid) and measuring the absorbance at 485 nm with
UVevisible spectrophotometer (Shimadzu UV-1601). VFAs
and alcohols were measured with a gas chromatograph (Shimadzu Ordior GC-2010 plus) equipped with ZB-WAXplus column (Phenomenex, USA) and ﬂame ionization detector (FID).
The oven temperature was held at 40  C for 2 min, increased
20  C/min to 160  C, and 40  C/min to 220  C, where the temperature was held for 2 min. Temperature of injector and
detector was 250  C. The ﬂow of helium (carrier gas) was
30 mL/min. Internal standards were crotonic acid (100 mg/L)
and 1-propanol (60 mL/L), and 0.06 M oxalic acid solution was
used to acidify the samples.
COD removal was calculated by converting the analysed
efﬂuent VFAs and xylose concentrations to COD equivalents
according to van Haandel and van der Lubbe [26].

Microbial community analyses
Microbial community samples were obtained from the anodic
solution at each HRT at stabilized conditions and from the
anode bioﬁlm in the end of the experiment. The bioﬁlm
sample was removed from the anode electrode by sonicating
5 min in 0.9% NaCl solution, followed by further separation of
biomass with a centrifuge (5000  g, 10 min). DNA was
extracted from defrosted pellets with PowerSoil DNA isolation
kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA). PCR was
used to amplify partial 16S rRNA genes as described by Koskinen et al. [27] using GC-BacV3f [28] and 907r [29] primers.
DGGE was performed as described by Lakaniemi et al. [30].

Separated DNA sequences were reampliﬁed according to
Koskinen et al. [27] before sequencing at Macrogen Inc. (Seoul,
Korea). BioEdit software and BLAST (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) were used for analyzing sequence data.

Results and discussion
Electricity generation
Electricity production with the studied up-ﬂow microbial fuel
cell was mainly affected by the changes in HRT. The effects of
other variables, such as fast reduction of catholyte and
changes in internal resistance caused by membrane fouling,
were minimized by circulating the catholyte and by changing
the membrane periodically, respectively (Fig. A2). During
reactor operation, cell voltage increased from 344 mV to the
highest value of 408 mV when HRT was decreased from 3.5 d
to 1 d. Decreasing HRT to 0.75 d and further to 0.17 d decreased
the cell voltage remarkably to 218 mV and 156 mV, respectively (Fig. A2). Similar trend was observed in performance
analysis (Fig. 2), which was done at the end of each HRT.
The highest current density of 2460 mA/m2 and the highest
voltages with all tested external resistances (10e1000 U) were
obtained with HRT of 1 d (Fig. 2A). At HRTs above 1 d the
current densities and voltages were lower than at HRT of 1 d.
The OLR at HRTs above 1 d was below 0.4 g COD/L/d, which
may not have provided enough substrate for the
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Fig. 2 e A) Cell voltage and B) power density as a function of current density in the up-ﬂow microbial fuel cell operated with
different HRTs.
microorganisms to sustain higher voltages [8]. Also decreasing
HRT below 1 d decreased the current densities, cell voltages
(Fig. 2A) and CEs and increased VFA concentrations (Chapter
3.2), which indicates that at lower HRTs the bioﬁlm could not
utilize xylose for current production as efﬁciently as at higher
HRTs. Increasing mass transfer or diffusion limitations likely
affected the decreasing performance of the cell [31,32].
Internal resistances of the cell were smaller in batch mode
(90 U) and at HRTs between 1 and 3.5 d (70e90 U) and increased
remarkably when HRT was decreased below 1 d (270e450 U).
Ieropoulos et al. [31] and Lee and Oa [17] also found the increase in internal resistance with higher inﬂuent ﬂow rates.
On reason for this can be insufﬁcient substrate transfer to
bioﬁlm and proton transfer into cathode chamber [17] (mass
transfer and diffusion limitations), which could be prevented
by improving the anode electrode geometry [33] and reactor
design. Ieropoulos et al. [31] also suggested that the increase in
internal resistance is partly due to the increased microbial
growth on anode electrode at lower HRTs resulting in diffusion limitations or due to the changes in microbial community
that may have caused mass transfer limitations with higher
ﬂow rates. At each HRT of this study, the time reserved for
stabilization was at least 10 times the HRT. These periods
were long enough for causing changes in bioﬁlm thickness
and increasing internal resistance. Although the highest current densities were measured with 1 d HRT, anode potential
reached the most negative stable values (with 100 U resistance) of 455 ± 2 mV vs. Ag/AgCl with the smallest HRTs of
0.17e0.5 d compared to 416 mV vs. Ag/AgCl at HRT of 1 d
(Table 1). This indicates that the performance of the anodic
bioﬁlm did not deteriorate with decreasing HRTs. However, at
smaller HRTs the high internal resistances decreased power
densities.
The internal resistance of the cell was high (70 U, Fig. 2) also
with the optimal HRT of 1 d indicating that the reactor
conﬁguration requires improvements. This could be done, for
example, by decreasing the distance between the electrodes
[13] and improving the membrane operation, e.g. by
increasing the area of the membrane. For example, Sevda

et al. [34] reported that the hindered ion ﬂow through a
separator between anode and cathode compartments caused
more resistance with smaller HRTs in their reactor.
According to the power density curves (Fig. 2B), 1 and 1.7 d
HRTs resulted in the highest power densities and 1 d HRT gave
11% higher values than 1.7 d HRT. On the other hand, during
the stable operation (Fig. 3, Fig. A2) 1.7 d HRT gave 26% higher
power densities than 1 d HRT. When taking into account the
variations in cell voltage (Fig. A2) caused by the fast reduction
of catholyte, xylose consumption in the feeding tank, and
membrane fouling, the cell performance at HRTs 1 and 1.7 d
was comparable. Thus, both 1 d and 1.7 d are near the optimal
HRT for the studied up-ﬂow MFC in relation to the electricity
production from synthetic wastewater containing xylose
(Fig. 3). These are in the same range with the HRTs of the
existing activated sludge wastewater treatment plants in pulp
and paper mill [35].
The peak power density obtained at 1 d HRT is signiﬁcantly
higher than 8.4 ± 0.4 mW/m2 reported by Huang et al. (Table 1)
with xylose. They suggested that low power densities were
due to non-optimal cultivation conditions. Huang and Logan
[8] measured 1093 ± 43 mW/m2 (against projected surface of
cathode electrode) for continuous process fed with xylose (3 g/
L). This value was 150% higher than the maximum power
density in our study, but their estimated anode electrode
surface was approximately 300 times higher than the cathode
electrode area resulting in unreliable comparison.
CEs (calculated from the stable operational period, Fig. A2)
decreased with HRT during the whole experiment (Table 1).
The highest CE of 30% measured with 3.5 d HRT was
remarkably higher than reported by Lay et al. ([10] in Table 1)
in the same reactor conﬁguration as used in this study.
Furthermore, power density with 3.5 d HRT measured in this
experiment was three times higher compared to the results of
Lay et al. [10] with the same HRT. One reason for the better CE
and power density in this experiment can be the longer
acclimation time, which helps bacteria to adapt to the operational conditions. Also regular membrane changes due to
membrane fouling might have improved the results of this
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Table 1 e Maximum power densities and Coulombic efﬁciencies measured in this study and reported in literature.
Maximum power density is normalized to anode electrode area unless otherwise stated.
Reactor

Xylose feeding concentration

Max. power density (mW/m2)

CE (%)

Reference

3 g/L (fed-batch) in 100 mM PBS
3 g/L (fed-batch) in 200 mM PBS
3 g/L (continuous); 0.83 d HRT
0.5 g/L (fed-batch)
0.5 g/L (continuous); 3.5 d HRT
0.5 g/L (continuous); 1 d HRT
0.08 g/L (fed-batch)
1.5 g/L (fed-batch)

673 ± 43a
944 ± 32a
1093 ± 43a
107
72
430
2.6 ± 0.2
8.4 ± 0.4

n.g.
n.g.
41
21.3 ± 1.0
12.7 ± 0.6
9.2
41 ± 1.6
36 ± 1.2

[8]
[8]
[8]
[11]
[11]
This study
[31]
[31]

Air cathode MFC
Air cathode MFC
Air cathode MFC
Up-ﬂow; two-chamber
Up-ﬂow; two-chamber
Up-ﬂow; two-chamber
Two-chamber system
Two-chamber system with stirring
n.g. ¼ not given.
a
Normalized to cathode electrode area.

Fig. 3 e Organic loading rate (OLR, gCOD/d), average current density (ID, mA/m2), power density (PD, mW/m2) and Coulombic
efﬁciency (CE, %) as a function of hydraulic retention time (HRT, d) in up-ﬂow microbial fuel cell. The error bars show the
minimum and maximum values in stable conditions.

experiment, since they decreased the internal resistance. For
example, with 1 d HRT, membrane change improved the cell
voltage by 17% (measured one day after the membrane
change). Later with smaller HRTs the differences were even
higher (Fig. A2) indicating that smaller HRT increased membrane fouling. Huang and Logan [8] were able to transform
13e40% of the chemical energy of the removed xylose (initial
concentration 20 mM ¼ 3.0 g/L) into electricity with HRTs of
10e38 h. They used graphite ﬁber brushes as anodes which
enabled a larger surface area and lower internal resistance
(2e3.4 U) than used in this study. Thus, decreasing the internal
resistance in the reactor conﬁguration of this study will likely
increase CE and power densities.
The purpose of this study was to examine the effects of
different HRTs to the performance of the anode. To further
optimize the economical feasibility of the process, different
anode electrode materials and structures should be tested.
Also reactor conﬁguration optimization is needed for more
efﬁcient electricity production. Potassium ferricyanide is a
very good electron acceptor for studying reactions at anode

chamber. For practical application, however, this has to be
replaced with an inexpensive and environmental friendly
choice, such as efﬁcient cathode based on O2 reduction.

Metabolic activity in up-ﬂow MFC
On average, 99% of the xylose was removed at the anode
during the continuous reactor operation. The xylose removal
was very efﬁcient even with the lowest HRT of 0.17 d
compared to the other MFC studies with continuous xylose
feeding. For example, in the studies of Huang and Logan [8]
51e96% of xylose was degraded with HRTs of 5e38 h. However, the inﬂuent xylose concentration was lower in our study,
which might have affected removal efﬁciency.
The COD removal calculated from the efﬂuent VFAs and
xylose concentrations varied between 57 and 95% due to
remaining VFAs in efﬂuent (Table 2). Propionate remained
below 0.5 mM during the reactor run, while the acetate
increased with decreasing HRT (2.9 ± 0.6 mM at 0.75 d HRT).
With lower HRTs than 0.75 d, the acetate concentrations
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Table 2 e Stable anode potentials with different HRTs and electron balance of the added xylose divided to CE and acetate,
propionate and xylose measured from the efﬂuent. Detection limit for VFAs was 0.5 mM. CE was calculated for the stable
conditions (S1), but concentrations of VFAs and xylose in efﬂuent were calculated over the whole operation period at each
HRT. COD removal was calculated based on the efﬂuent composition.
HRT

Anode potential (mV vs. Ag/AgCl)

CE (%)

Acetate (%)

Propionate (%)

Xylose (%)

Calculated COD removal (%)

3.5
1.7
1
0.75
0.5
0.33
0.17

410
383
417
444
455
455
455

30.3
18.2
9.2
3.9
2.5
1.5
0.6

<6
8.3 ± 6.6
21.7 ± 10.1
35.1 ± 7.6
30.2 ± 10.5
22.5 ± 3.1
21.6 ± 8.5

<10
8.6 ± 5.2
9.4 ± 3.5
7.0 ± 2.4
<10
n.d.
n.d.

3.1 ± 2.6
<2
<2
<2
<2
<2
<2

95
82
69
57
68
77
78

n.d. ¼ not detected.

decreased with HRT. The VFA concentrations ﬂuctuated as
indicated by high standard deviations in Table 2.
During batch mode operation, the pH in the reactor
decreased to 5.5, at which point it was increased with NaOH to
7.0. During continuous operation, the pH values remained
between 6.7 and 7.1 in the reactor and 6.8e7.4 in the efﬂuent.

Microbial community analysis
Decreasing HRT will likely wash out some of the bacteria not
attached to the bioﬁlm [36]. Thus, the changes in anolyte microbial community were monitored during the experiment.
DGGE was used for community proﬁling although it was
realized that it is a semi-quantitative method at best. However, it enables the detection of main bacterial species present
at the anolyte. The anolyte microbial communities changed
slightly during the experiments. The intensity of the bands on
the DGGE gel [27,37] changed at different HRTs indicating that
the share of Christensenella minuta increased remarkably after
the HRT decreased to 0.5 d (Fig. A1, Table 3). C. minuta is a
xylose fermenting bacterium [38] and its share likely
increased due to increased xylose loading rates at lower HRTs
and was related to decreasing power densities and CEs.

Fermentative bacteria, being able to degrade xylose, have a
role also in electricity production by offering acetate, propionate and butyrate as fermentation end products for exoelectrogenic bacteria [11,39]. However, high substrate
concentration increases the growth of fermenting bacteria,
thus decreasing power density by overtaking the anolyte and
anode electrode bioﬁlm [40]. The share of a nitrate reducing
bacterium [41], Petrobacter sp., decreased with HRT. With HRTs
of 0.17e0.5 d and the most negative anode potentials, the
strongest bands belonged to C. minuta, Citrobacter freundii,
Clostridium indolis, and Proteiniphilum acetatigenes. All of these
bacteria are fermenting, but P. acetatigenes cannot ferment Dxylose [38,42,43]. C. indolis is a sulfate reducer [44] and C.
freundii is an exoelectrogenic organism [45]. C. indolis has also
been found from a bioﬁlm sample of a MFC [37].
The reactor was stopped due to a malfunction in temperature controller, which increased the temperature in the
reactor causing heat shock. The microbial community of
anode bioﬁlm was characterized after this temperature increase, which possibly affected the results. Geobacter sp. was
identiﬁed from bioﬁlm sample as was also an uncultured
spirochete, P. acetatigenes and Wolinella succinogenes. Geobacter
sp. is a well-known exoelectrogenic organism, but also the

Table 3 e Identiﬁed bands on DGGE gel. SL ¼ sequence length of the sample, Sim (%) ¼ similarity (%), Afﬁliation
(acc) ¼ closest species in database and its accession number, and Origin of the sample ¼ Origin of the sample with the
closest match.
Band
label

SL

Sim (%)

Afﬁliation (acc)

1

454e481

99.7e100

2

421

99.5

Proteiniphilum acetatigenes
(HQ710548.1)
Wolinella succinogenes (NR_025942.1)

3
4
5
6
7

271e444
460e538
461
437
262

97.0e99.7
100
99.3
99.7
100

Clostridium indolis (KF611981.1)
Geobacter sp. (KF006333.1)
Christensenella minuta (AB490809.1)
Clostridium oroticum (AB818947.1)
Enterobacter sp. (KF934473.1)

8

437e482

100

Citrobacter freundii (AB680434.1)

9

475

99.5e100

Petrobacter sp. (HM059764.1)

10

416

100

Uncultured spirochete (JF736651.1)

Class/family

Origin of the sample

Bacteroidia/Porphyromonadaceae

Crude oil contaminated soil

Epsilonproteobacteria/
Helicobacteraceae
Clostridia/Lachnospiraceae
Deltaproteobacteria/Geobacteraceae
Clostridia/Christensenellaceae
Clostridia/Lachnospiraceae
Gammaproteobacteria/
Enterobacteriaceae
Gammaproteobacteria/
Enterobacteriaceae
Betaproteobacteria/
Hydrogenophilaceae
Spirochaetia/unknown

Rumen
Pit mud
MFC, inoculated with wastewater
Isolated from human faeces
Mud
Sediment samples from Prydz Bay
and sea area
Unknown
Aerobic enrichment of biodegraded
oil sample
MFC, inoculated with activated
sludge
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uncultured spirochete and fermenting P. acetatigenes have been
found from bioﬁlm of MFC reactors [46e48]. Cord-Ruwisch
et al. [49] found syntrophic cooperation between W. succinogenes and Geobacter where W. succinogenes kept hydrogen
partial pressure low, thus helping Geobacter to ferment acetate. The increase in efﬂuent acetate concentration with
0.17e1 d HRTs indicates that acetate oxidation to electricity
was the process limiting factor. This was possibly due to liquid
ﬂow bypass and the following diffusion and mass transfer
limitations between anode bioﬁlm and anolyte ﬂow, which
could be improved with more sophisticated anode electrode
design.
Fermentative xylose degraders were present in the anolyte
and the bioﬁlm contained a known exoelectrogen, Geobacter
sp. Thus, syntrophic interaction between fermenting and
electricity producing bacteria likely took place. P. acetatigenes,
W. succinogenes, Petrobacter sp., uncultured spirochete, and C.
freundii were also present in the anolyte of the reactor from
which the inoculum was obtained for this study [10].
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[8]
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Conclusions
HRT affected xylose conversion to electricity in up-ﬂow microbial fuel cells as follows: 1) The highest power densities
were achieved with 1 d and 1.7 d HRTs, while CE decreased
with the HRT from 30% to 0.6%; 2) Xylose was almost
completely removed with all HRTs, but due to incomplete
acetate oxidation at lower HRTs COD removal remained at
59e95% (70% with 1 d HRT); 3) Microbial communities of
anolyte and bioﬁlm contained fermentative bacteria and
known electricity producers, respectively. This demonstrates
synergistic interaction between xylose fermenting bacteria
and exoelectrogens in the bioﬁlm. However, the increasing
share of fermentative bacteria with HRTs below 0.75 d likely
decreased power density by increasing the internal resistance.
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