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Abstract
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 upflow 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 (graphite plate, carbon cloth and zeolite
coated carbon cloth), metal-based (tin coated copper) and a metal-carbon assembly
(granular activated carbon in stainless steel cage). During continuous operation with
xylose, the highest power density of 333 (± 15) mW/m2 was obtained with the carbon
cloth electrode. However, with the graphite plate and granular activated carbon in
stainless steel cage (GAC in SS cage), over 200% higher current densities were
measured in the cyclic voltammetry compared to carbon cloth. Due to its capacitive
properties, and the 81% COD removal obtained, the GAC in SS cage was chosen for the
treatment of real TMP wastewater, which was used for the first time as substrate in
MFCs. The TMP fed MFC was operated in continuous mode with 1.8 d hydraulic
retention time, resulting in 10-15 mW/m2 average power production and 47 (± 13%)
COD removal. However, during operation with TMP wastewater, membrane fouling
increased the polarization resistance causing a 50% decrease in power production within
30 days. MFCs could be used as a pretreatment to convert half of the COD of the TMP
wastewater into electricity, while reducing the energy required for aerobic treatment.

Keywords: Electricity production, Electrode material, Granular activated carbon,
Membrane fouling, Microbial electrochemical technology
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1. Introduction
Pulp and paper mills generate 10-100 m3 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) is pushing towards implementation of an anaerobic
pretreatment step. 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). 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
electric 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 [13,14]. Despite its relatively high concentration of
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readily degradable carbohydrates and acetic acid [3], TMP wastewater has not yet been
investigated for production of bioelectricity 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,
highly conductive, resistant to corrosion, and have a high surface area [15]. Carbonbased electrode materials are less conductive than metal-based materials, but are usually
of lower-cost, more biocompatible and have a higher surface area [16]. 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
[16]. 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 [17,18]. Addition of functional groups to the anodic
surface, for example, pretreating the electrode with ammonium or acids, facilitates
electron transfer and bacterial attachment [19,20]. Hydrophilic zeolite coating has also
been tested to increase bacterial attachment by enabling access of polar sugar
molecules, which attract bacteria on the electrode surface [21]. In addition, the
electrodes should have a large surface area and the potential to scale-up. 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 [22] 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
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granules are in contact with current collectors [23]. MFCs with capacitive anode
materials can also be operated by repeating open and closed circuit cycles to increase
the power density [24].

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 metalcarbon 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.

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. [25]) from a municipal wastewater treatment plant.
The synthetic wastewater was prepared as described by Mäkinen et al. [26] 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

5

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 hours 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 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 hours 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.

Table 1. Characteristics of the thermomechanical pulping (TMP) wastewater.
Parameter
TS
VS
TSS
VSS
Total COD
Soluble COD
Total nitrogen
Phospate phosphorous (PO43--P)
Total dissolved saccharides
Acetate
Alkalinitya
Sodium
Potassium
Magnesium
Calcium
a

Concentration (mg/L)
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

Measured as mg HCO3-/L
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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). 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
(1991). Prior to coating, the electrode was pretreated in 10% HNO3 solution at 90 °C for
3 hours to increase the NaX zeolite attachment by introducing N-groups on carbon and
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making the carbon more hydrophilic [28]. 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 hours in a plastic container
followed by rinsing with MQ 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 [21].

The tin coated copper mesh anode electrode consisted of two 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 Up-flow MFC set-up
The up-flow MFC, described by Lay et al. [29] and Haavisto et al. [30], consisted of a
500 mL anodic chamber and a 250 mL cathodic chamber separated by an anion
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exchange membrane (AEM) AMI-7001 or a cation exchange membrane (CEM) CMI6001 (Membranes International Inc., USA), as specified in section 2.4. 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
electrode (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.

2.4 Up-flow MFC operation
For electrode comparison, the up-flow MFC was started with 450 mL of xylosecontaining synthetic wastewater and 50 mL of inoculum. The MFC was operated in
batch mode 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 d HRT). To avoid depletion of
the electron acceptor during continuous feeding, the catholyte was changed 2-3 times
per week.

Prior to operation with TMP wastewater, the MFC was started up with the xylosecontaining synthetic wastewater (450 mL), without inoculum, for 24 hours, resulting in
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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 22 days with 1 d
HRT to reactivate the microbial community after storing. On day 23, the synthetic
wastewater was replaced with thermomechanical pulping (TMP) wastewater,
supplemented with 0.8 g/L NaHCO3. The MFC was then operated in fed-batch 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 d due to the higher
COD concentration (Table 1) and substrate recalcitrance of TMP wastewater than 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. 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.

2.5 Analytical methods
During fed-batch 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 meter
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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 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. [30]. For the soluble COD and the VFA (with GC-FID) 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.
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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 silicondrift 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. Triplicate samples (approximately
1 × 1 cm) were cut 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 SEM-EDS analysis.

2.6 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
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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. [33]. 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 electrodes 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.

2.7 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 more than 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 (2012) by converting xylose and VFA concentrations from the stable
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operation period to COD equivalents. Coulombic efficiency (CE) was calculated
according to Logan et al. [9] based on theoretical COD removal during electrode
comparison, or on the total COD removal when the MFC was operated with TMP
wastewater.

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 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 fed-batch operation. However, the power density declined
dramatically on day 3 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 [35]. The results of Zhu and Logan [35] also indicated that copper
corrosion can result in abiotic current production in MFCs. Despite the tin coating used
in this study to prevent corrosion [36], 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, which is
commonly characterized by a high surface area [37] and conductivity. Zeolite coating
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on carbon cloth decreased the power density by 20% in this study, which is in
disagreement to Wu et al. [21], who reported a 152% increase in power density after
applying a zeolite coating on a graphite felt. The power density with the graphite plate
electrode (309 mW/m2) was lower compared to carbon cloth, as was also found by
Pocaznoi et al. [38]. As a conductive and biocompatible material, graphite plate is a
widely used anode electrode material, though it does not have a high surface area [39].

The GAC in SS cage electrode resulted in a power density of 274 mW/m2 (18% smaller
than with 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 of the MFC [40], which was the second highest
(72 Ω) among the electrodes, after the zeolite coated carbon cloth (Table 2). GAC has
lately gained attention as an easily scalable electrode material in various reactor
configurations due to its high specific surface area, capacitive behavior and 3D structure
[22,23].
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Table 2. The 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.
Power

Current

Power

density

density

density

Anode electrode

(mW/m2)

(A/m2)

(W/m3)

(mV)

(Ω)

Carbon cloth

333 ± 15

0.77 ± 0.02

3.7 ± 0.2

-433 ± 2

54

Graphite plate

309 ± 15

0.74 ± 0.02

3.5 ± 0.2

-428 ± 6

61

GAC in SS cagea

274 ± 15

0.70 ± 0.02

3.1 ± 0.2

-402 ± 4

72

Zeolite coated carbon cloth

265 ± 14

0.69 ± 0.02

3.0 ± 0.2

-433 ± 2

88

a

Anode

Internal

potential resistance

Granular activated carbon in stainless steel cage

Fig. 1. Anodic linear sweep voltammetry (a) and cyclic voltammetry (b) obtained with
the different anode electrodes during continuous MFC operation. GAC in SS cage
stands for granular activated carbon in stainless steel cage.
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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
the other electrode materials enabled higher current densities at more positive anode
potentials (Fig. 1). 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,
while at more positive anode potentials the current density was suppressed by power
overshoot (Fig. 1). 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 [41], differences in microbial community composition and
the amount of bacterial electron transfer components [42], or limited proton transfer out
of the biofilm decreasing the biofilm pH [43]. Both the graphite plate and GAC in SS
cage electrode showed over 200% higher current densities in the CV analysis compared
to carbon cloth at anode potentials higher than -0.19 V. Due to the low maximum
current density in the CV analysis, carbon cloth was not chosen for the further studies
with TMP wastewater.

The current density obtained in the CV with the GAC in SS cage electrode was high
compared to the other studied electrode materials, likely due to the capacitance of GAC
and the high scan rate (1 mV/s) used [15]. However, capacitance of the anode material
is often a desirable property and similar biocompatible capacitive materials are used
both as capacitors and MFC anode materials [15]. The high surface area of GAC
favours both bacterial attachment and charge accumulation [22]. Despite the relatively
low power density with the GAC in SS cage electrode obtained in this study, the
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differences in stable power densities among the different electrodes were small and the
capacitance, corrosion resistance and favourable characteristics for bacterial attachment
makes GAC in SS cage a highly interesting anode material for future applications. The
smaller conductivity of graphite plates compared to metals would increase the internal
resistance of large electrode plates in industrial scale applications emphasizing the
selection of scalable granular carbon based anode electrodes over plates [44]. The cost
efficiency of CAG in SS cage anode material could be improved by replacing the GAC
with e.g. conductive biochar granules obtained from high temperature pyrolysis, which
has already been reported by Chen et al. [45] using biochar from coconut shells in
sediment MFCs. Also the fluidization of the granules could be used to decrease mass
transport limitations [22]. Hence, GAC in SS cage was used in the current study for
TMP wastewater treatment.

3.1.2 Treatment of synthetic wastewater
During continuous MFC operation, 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 fates such as
growth and methane generation [46].
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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.
Anode electrode

Theoretical

Electrons in

COD removal

effluent (%)

CE (%)

efficiency (%)
Graphite plate

77 ± 4

23 ± 4

28

Carbon cloth

86 ± 1

14 ± 1

26

Zeolite coated carbon cloth

79 ± 9

21 ± 9

25

GAC in SS cagea

81 ± 3

19 ± 3

25

a

granular activated carbon in stainless steel cage.

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. S3a). 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. S3a). 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 batch caused a drop in the power production to as
low as 1 mW/m2 after two fed-batch cycles (Fig. S3b). The lower power production was
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likely caused by the lower conductivity of the TMP wastewater compared to the xylosecontaining 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 fed-batch mode, a NaHCO3 concentration of 0.8 g/L to the TMP wastewater
was not enough to prevent an acidification of the anolyte. The anolyte pH decreased to
below 6 in a few days, likely reducing the activity of anodic microorganisms [49].

Switching the operation mode from fed-batch to continuous (HRT 1.8 days) on day 35,
the power production only slightly increased to 2.5 mW/m2 (Fig. S3c). 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 4; Fig. S3c). However, it should be noted that the AEM was replaced with a
fresh one on day 39 as well, which 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 4). 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).
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Table 4. 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

Membranea

days

Power

Power

Current

Influent

Effluent CE

density

density

density

CODtotb

CODtotb

(mW/m2)

(W/m3) (mA/m2)

(g/L)

(g/L)

(%)

39-45

AEM

5.0

0.08

0.08

4.23

3.30

1.7

45-55

CEM

11.0

0.18

0.12

4.94

2.77

1.1

71-91

CEM

15.0

0.24

0.14

4.29

2.38

1.5

108-142

CEM

14.0

0.22

0.13

4.36

1.98

1.1

60-71, 92-

Fouled
2.4

0.04

0.04

4.10

2.00

0.5

101, 147-178

CEM

a

AEM, anion exchange membrane; CEM, cation exchange membrane

b

Total chemical oxygen demand

During the operation in continuous mode, 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. 2; Table 4). For
longer operation periods, the power production decreased further to an average of 2.4
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mW/m2, and the performance of the MFC was not recovered after replacing the
catholyte due to CEM fouling (Fig. 2; Table 4).

Fig. 2. 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 blackwhite arrow represents the replacement of both the membrane and catholyte.

As shown by the polarization data (Fig. 3) 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. 3).
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Fig. 3. Power (black) and polarization (white) curves obtained from the up-flow MFC
continuously fed with thermomechanical pulping wastewater. The analysis was done
with fresh (squares) and fouled (circles) cation exchange membrane on day 81 and 94,
respectively.

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.

3.2.2 COD removal from thermomechanical pulping wastewater
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For continuous mode operation with TMP wastewater as the 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 and 0.4-0.5 g/L was acetate (Fig. 4). The total COD concentration in the
influent varied during the operation and increased occasionally up to 8-9 g/L (Fig. 4a)
due to variations in the quantity of solid pulp 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 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 soluble COD (Fig. 4a and 4b), having a pH of 7.2 ± 0.3. The
composition of TMP wastewater, containing recalcitrant compounds [3] and lacking
nutrients (Table 1), resulted in the relatively low COD removal efficiency. A lower
total COD (29%) and a similar soluble COD removal (51%) efficiency was obtained by
Huang and Logan (2008) in a MFC treating paper recycling plant wastewater (1.4 and
0.2 g/L total and soluble COD). However, the total and soluble COD removal
efficiencies increased to 70 and 75% upon addition of 50 mM phosphate buffer due to
the increased conductivity and buffering capacity [48].
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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 (± 0.2). 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. 4c), 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. 4c). On days 45-178, when the up-flow
MFC was operated with a CEM, volatile fatty acids accounted for 44 (± 14) % 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].
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Fig. 4. 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 thermomehcanical pulping wastewater as the substrate using a
cation exchange membrane.

3.2.3 Characterization of the membrane fouling
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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. 2). Bacterial cells (Fig. 5; Fig. S4)
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 analyses,
most of the surface of the membrane analysed was covered by crystals mainly
consisting of calcium, phosphorous and oxygen (Fig. 5: Fig. S4a, S4b, S4c). 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. S4d) 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.
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Fig. 5. 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.

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.
6a) and its simulation according to the equivalent circuit (Fig. 6b), 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.
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Fig. 6. 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).

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 50%. This would
reduce the energy required for aeration in the subsequent conventional aerobic treatment
plants, 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 d
HRT. However, for full-scale applications, ferricyanide should be replaced with an air
cathode or biocathode to reduce costs and environmental impacts.

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
[54]. Among them, a pulse electric field can be easily implemented to MFCs using a
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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 [55].

4. Conclusions
Only small differences in the power output and theoretical COD removal were
measured during stable operation of the up-flow MFC with the different anode
electrodes studied. Carbon cloth enabled the highest power density (333 mW/m2) during
stable operation. However, due to the high current density obtained in a wide anodic
potential range in the CV analysis and for its capacitive nature, granular activated
carbon was selected for the bioelectrochemical treatment of TMP wastewater.

During 140-days continuous operation, an average power output of 10-15 mW/m2 and a
50% COD removal efficiency were obtained at a HRT of 1.8 d. To our knowledge, this
is the first study to report bioelectrochemical treatment of TMP wastewater. The results
indicate that bioelectrochemical pretreatment can thus be implemented to reduce the
COD load of TMP wastewater, decreasing the energy required for aeration in the
subsequent activated sludge process.
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