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Electricity generation in a microbial fuel cell (MFC) using carbon monoxide (CO) or synthesis gas (syngas)
as a carbon source has been demonstrated recently. A major challenge associated with CO or syngas uti-
lization is the mass transfer limitation of these sparingly soluble gases in the aqueous phase. This study
evaluated the applicability of a dense polymer silicone membrane and thin wall silicone tubing for CO
mass transfer in MFCs. Replacing the sparger used in our previous study with the membrane systems
for CO delivery resulted in improved MFC performance and CO transformation efficiency. A power output
and CO transformation efficiency of up to 18 mW L;' (normalized to anode compartment volume) and
98%, respectively, was obtained. The use of membrane systems offers the advantage of improved mass
transfer and reduced reactor volume, thus increasing the volumetric power output of MFCs operating
on a gaseous substrate such as CO.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Biomass represents a significant source of renewable energy
(Song, 2002). The gasification of biomass at high temperatures
leads to the production of synthesis gas (syngas), which mainly
consists of carbon monoxide (CO) and hydrogen (H,). Syngas can
be converted to liquid (ethanol, methanol, butanol, etc.) or gaseous
(H,, methane) fuels by catalytic or microbial conversion (Henstra
et al., 2007; Munasinghe and Khanal, 2010a; Sipma et al., 2006).
Syngas produced by partial oxidation using air, has a varying com-
position and a low heating value. It is often utilized for electricity
generation by internal combustion (Bridgwater, 2006), however
the efficiency of the internal combustion generators is relatively
low. Direct conversion of syngas to electricity in a fuel cell offers
a cleaner and a more efficient process for electricity generation.
However, fuel cells are sensitive to the changes in the syngas com-
position (Kim and Chang, 2009; Song, 2002) and impurities such as
sulfur. For examples, solid oxide fuel cells are particularly sensitive
to sulfur compounds, with >1 ppm sulfur leading to irreversible
poisoning of the anode.

As an alternative, syngas could be converted to electricity in a
microbial fuel cell (MFC) (Kim and Chang, 2009; Mehta et al.,
2010). This process relies on the ability of an anaerobic consortium
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of electricigenic and carboxydotrophic microorganisms to produce
electricity from CO and H,. Such an MFC-based process might offer
several advantages such as a high transformation efficiency, a
broad range of operating conditions, high bio-catalytic activity
and considerable resistance to poisoning by fuel impurities (Kim
and Chang, 2009; Mehta et al., 2010).

Kim and Chang (2009) demonstrated electricity generation
from CO in a two-stage reactor system, in which the CO was first
microbiologically converted to fermentation products and then
the products were fed to the second reactor (MFC). Instead of a
two-stage process, we demonstrated electricity generation in a sin-
gle chamber MFC directly fed with CO (Mehta et al., 2010). The
maximum volumetric power output and CO transformation effi-
ciency of the systems were 6.4 mW L;' and 53%, respectively,
and although comparable with current literature, this was rela-
tively low. Based on experimental observations, Mehta et al.
(2010), suggested that the performance of a CO-fed MFC could be
increased by adopting an efficient method for gas to liquid transfer,
while optimizing the anodic chamber and avoiding CO related inhi-
bition of electricigenic microorganisms.

For sparingly soluble gases such as CO, the primary resistance to
transport is in the liquid side of the film at the gas-liquid interface
(Bredwell et al., 1999; Riggs and Heindel, 2006). Membrane sys-
tems offer an efficient and relatively inexpensive method for
gas-liquid mass transfer with reduced reactor volumes (Munasin-
ghe and Khanal, 2010a; Scott and Hughes, 1996). Thin synthetic
polymer membranes have been studied considerably for their mass
transfer properties (Robb, 1968). Hence, either a dense polymer or


http://dx.doi.org/10.1016/j.biortech.2011.09.057
mailto:abid.hussain@mail.mcgill.ca
http://dx.doi.org/10.1016/j.biortech.2011.09.057
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech

A. Hussain et al./Bioresource Technology 102 (2011) 10898-10906

a micro-porous membrane could be employed in a MFC depending
on the characteristics of the gas and operating conditions of the
process. In a dense polymer membrane, the gas is absorbed into
the polymer at high pressure and is carried into the liquid (lower
pressure side) by diffusion across the membrane (Yasuda and La-
maze, 1972). In contrast, the gas in a micro-porous system is trans-
ported into the liquid through the pore system rather than through
the polymer (C6té et al., 1989). Dense polymer membranes, such as
silicone membranes, offer an advantage over micro-porous mem-
branes as they can be operated under high pressure conditions,
which increase the concentration gradient and hence, the mass
transfer rate (Coté et al., 1989). Silicone membranes have been re-
ported to be ideal for membrane based bubble-less aeration with-
out vigorous mixing where a conventional system is unable to
meet the O, requirements of a higher rate system (Ahmed and
Semmens, 1992; Coté et al., 1989). They also find wide applicabil-
ity in modified atmosphere storage for fruits and vegetables be-
cause of efficient regulation of the gas levels in the storage
chamber due to their selective gas permeation properties (Gariépy
et al.,, 1994). Though silicone membranes have not yet been exten-
sively studied for CO transfer from gas to liquid, they have been re-
ported to have much higher diffusion rates for gases in comparison
to other hydro-carbon polymers (Robb, 1968). Therefore, it was
hypothesized that silicone membranes could offer an efficient
membrane based mass transfer system for CO.

The current study compares the silicone membrane and silicone
tubing membrane for CO transfer to the anodic liquid and demon-
strates MFC operation on CO and syngas CO at an improved volu-
metric power output.

2. Methods
2.1. Membrane systems for CO transfer

The silicone membrane (SSP LLC, NY, USA) used in this study
consisted of a fine nylon fabric (52-54 g/m?) calendered with a
thin uniform layer of silicone rubber (~90 um). The fabric en-
hanced the mechanical properties of the membrane, while the sil-
icone rubber was responsible for its gas permeation properties. A
silicone tubing (VWR International LLC, Radnor, PA, USA) with a
wall thickness of 9 um and an external diameter of 0.076 mm
was used. The total surface area for the silicone membrane and
the tubing used in the tests was kept constant at 50 cm?.

2.2. Volumetric mass transfer coefficient (K a) estimation

The experimental set-up for determination of K;a consisted of a
50 mL test chamber custom made (Wolltech, Montreal, Canada)
from Makrolon (polycarbonate) plates filled with tap water (Figs. 1
and 2A). Silicone tubing wound around a support was placed di-
rectly inside the test chamber as shown in Fig. 1A. For the silicone
membrane an extra plate serving as the CO compartment was at-
tached to the test chamber with the membrane acting as a wall be-
tween the two compartments as shown is Fig. 2A. The inlet of the
CO compartment or the silicone tubing was connected to a CO bag,
while the outlet was connected to a manometer. Both, the CO com-
partment and the tubing were maintained at a constant pressure
throughout the experiment.

K.a values for CO were determined using the method described
by Munasinghe and Khanal. (2010b), introducing a step change in
dissolved CO concentration and then evaluating the concentration
as a function of time. For this condition, the desired CO flow rate
was set using a peristaltic pump connected to a timer prior to
the start of the experiment. A gas tight syringe was used to collect
water samples from a sampling port in the liquid recirculation line
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at regular intervals until the dissolved CO concentration reached a
steady state. The dissolved CO concentration was determined as
described by Lide and Frederickse (1995). The sampled liquid
was transferred into a hermetically sealed vial and placed in a
90 °C water bath for 10 min in order to achieve equilibrium be-
tween the liquid and the gas phase. The gas in the headspace of
the vial was then analyzed as described below.

The Kia value was estimated based upon the mass balance
equation dC/dt = Ka(C4 — C¢) (Munasinghe and Khanal, 2010b),
where C; is the dissolved CO concentration at time t and C is
the CO concentration in equilibrium between the gas-liquid phase.

Assuming that C. is constant at all times, there is no chemical
reaction, and initially (at ¢t = 0) there is no gas present in the test
chamber, the solution of the mass balance equation yields:

In <ﬁ> = (Kia)t (1)

Ca—ce

Where: G, is the initial dissolved CO concentration.

Eq. (1) corresponds to a linear relationship, in which the slope of
the line is the volumetric mass transfer coefficient, Kia (Munasin-
ghe and Khanal, 2010b; Riggs and Heindel, 2006).

2.3. Medium composition, inoculum and analytical methods

The composition of the stock solution of nutrients in g/L was
1.87 NH4CI, 14.81 KCl, 6.40 K,HPO,, 4.07 KH,PO,4 and 0.415 yeast
extract. The trace metal stock solution was prepared according to
Tartakovsky et al. (2008). The chemicals used were all of analytical
grade. The stock solutions were sterilized and maintained at 4 °C
until used. The MFC influent solution was prepared by adding
35 mL of the nutrient solution and 1 mL of the trace metal solution
to 1L of de-ionized water. This solution had a conductivity of
12 mS cm™!. The MFC’s were inoculated with 10 mL of anaerobic
sludge obtained from a food processing plant (Lassonde Inc.,
Rougemont, QC, Canada). The sludge was stored at 4 °C, and the
pH of the sludge was 6.8-7.0.

Acetate and other volatile fatty acids (VFAs) were analyzed in an
Agilent 6890 gas chromatograph (Wilmington, DE, USA) equipped
with a flame ionization detector. The method details are provided
in Tartakovsky et al. (2008). The pH and conductivity of the efflu-
ent were measured periodically. The volume of inflow and outflow
gas was measured using bubble counters connected to glass U-
tubes and interfaced with a data acquisition system.

The gas composition (H,, CO, CHy, O,, Ny, and CO,) was mea-
sured using an Agilent 6890 gas chromatograph (Wilmington, DE,
USA) coupled to a thermal conductivity detector. Three hundred
microliter of headspace sample was injected into a 4.5 m x 2 mm
.D. carboxen 1000 packed column from Sigma-Aldrich (St. Louis,
MO, USA). The column was heated at 60 °C for 7 min, then raised
to 225 °C at a rate of 60 °C per minute and maintained for 6 min.
Argon was used as carrier gas. The injector and detector were
maintained at 125 and 150 °C respectively.

2.4. MFC design, operation and characterization

MEC tests were conducted in an experimental set-up similar to
that employed for K;a measurements. The 50 mL anodic compart-
ment contained the 5 mm thick graphite felt anode measuring
10 x 5 cm (Speer Canada, Kitchener, ON, Canada). A cathode was
attached to one of the sides of the anodic compartment (Figs. 1
and 2B). All MFC tests were carried out using a carbon paper cath-
ode containing 0.5 mg cm™2 Pt a catalyst, (GDE LT 120EW, E-TEK
Division, PEMEAS Fuel Cell Technologies, Somerset, NJ, USA), which
was separated from the anode by a piece of J-cloth, such that the
estimated distance between the electrodes was 0.7-1 mm. The
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Fig. 1. (A) Experimental set-up for the determination of volumetric mass transfer co-efficient (K;a) for silicone tubing and (B) diagram of the experimental setup of silicone

tubing incorporated MFC, where BC represents the bubble counters.
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Fig. 2. (A) Experimental set-up for the determination of volumetric mass transfer coefficient (K;a) for silicone membrane and (B) diagram of the experimental setup of

silicone membrane incorporated MFC, where BC represents the bubble counters.

cathode was prepared as described in Mehta et al. (2010). The
MFC’s were equipped with lines for influent, effluent, liquid recir-
culation, gas exit and entry as shown in Figs. 1 and 2B. Medium
was prepared and fed to the MFC at a rate of 75 mL/day using peri-
staltic pump. The MFC'’s were operated at 33-35 °C by heating the
re-circulating liquid. The temperature was monitored and con-
trolled by means of a thermocouple placed in the anodic chamber
and a temperature controller (Model JCR-33A, Shinko Technos Co.,
Ltd., Osaka, Japan).

For silicone membrane MFC a 10 L gas bag (Control Concepts
Inc., Calgary, Alberta, Canada) was used for continuous supply of
CO. In the silicone tubing tests, the line for gas entry was connected
to a CO cylinder and the CO flow rate was controlled by a flow me-
ter (Alicat Scientific, AZ, USA). Several CO flow rates were tested in
order to estimate and maximize CO consumption efficiency. The
gas flow rates are expressed in L of gas fed per L of anodic chamber
volume per day (L L;' d~1). CO flow rates of 4 and 6 L L' d~" were
tested for silicon membrane MFC and CO flow rates of 2, 3 and 4 L
L;' d~! were tested for silicon tubing MFC (Table 1). Each flow rate
was tested for at least 7 days. In addition to CO tests, syngas oper-
ation was simulated by attaching a 10 L H, bag to the CO line. A
flow rate of 4L L,;l d~! was used for CO and H, into the silicon

membrane MFC and 3L L;' d~! was used for silicon tubing MFC
(Table 1). The gas flow rates tested in this study were similar to
that tested in the previous study (Mehta et al., 2010). This was
done to allow for a direct comparison of the volumetric power out-
put and CO transformation efficiency achieved for the MFCs in this
study to that achieved for the sparger installed MFC (Mehta et al.,
2010).

MEFC voltage was measured on-line at 20 min intervals using a
data acquisition system (Labjack U12, Labjack Corp., Lakewood,
CO, USA). Polarization tests were carried out at the end of each test
using the following method. First, the open circuit voltage (OCV)
was measured by disconnecting external resistance for 30 min.
The external resistance was re-connected and progressively de-
creased in 8-11 steps with an interval of 10 min between each step
to allow for voltage stabilization. The 10 min intervals provided a
steady state voltage, while avoiding significant changes in the car-
bon source concentration in the anodic liquid. Output voltage mea-
surements were conducted at the end of each interval. The
measurements were started at 5000 Q and terminated at 10 Q.
These measurements were used to generate polarization (voltage
vs. current density) and power (output power vs. current density)
graphs (Logan, 2008; Mehta et al., 2010). The linear part of the
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Table 1

Performance of silicone membrane and silicone tubing incorporated MFCs at different carbon monoxide flow rates.

Silicone Membrane

Test L Power output mW/Lg ~ Power output mW/Lg  Rin¢ CO transformation (%) Effluent acetate  H, CH4 co CE CO conc.
(Lp)'d' Py P2 (@) (mg/L) (%) (%) (%) (%) (mg/L)

1 6 11.2 10.1 175 67.8+2 46.2 48 153 625 7.0 9.2

2 4 19.3 18 85 74.2+3.1 18.4 3.1 11.1 55.1 10.7 7.2

32 42 8 7 170 57244 34.7 22 115 445 68 7.1
Silicone Tube

1 4 12.2 11.7 150 88+23 74 4.7 94 393 93 9.1

2 3 14 13 75 92+1 58 2.1 93 332 163 7.8

3 2 4 3.1 200 984+1 6.1 53 15 12.5 7.0 31

42 37 6.3 8.1 130 414126 51.4 26 33 484 88 84

2 Syngas test (CO and H; fed simultaneously at the indicated flow rate).

polarization curve produced was used to estimate the total internal
resistance (Logan, 2008). The open circuit potentials for anode and
cathode were measured using a standard Ag/Agcl electrode
(0.222 V vs NHE).

The Coulombic efficiency (CE) of the MFC was estimated as
(Mehta et al., 2010):

I-At-Mco
F-n(Mcojin — Mco out)

CE= 100% 2)

where I is the average measured current (A), At is the time interval
during which current was measured (s), Mco is the molecular
weight of CO (g), F is the Faraday constant (C/mol), n is the number
of electrons (electron/mol), Mco i, is the amount of CO supplied (g)
to the MFC during At and Mco out is the amount of CO (g) recovered
in the off-gas line during At.

The absence of power generation from the nutrients present in
the influent stream (i.e. yeast extract) has been demonstrated ear-
lier (Mehta et al., 2010). A low voltage output of 3-4 mV
(Rext = 500 ©, Pout<0.02 x 107> mW) was observed when the
MFC was fed only with the solution of nutrients and microele-
ments in the absence of CO-feeding for 1 week (Mehta et al.,
2010). In this study, at start-up the MFCs were operated under a
constant external resistance and comparatively low CO flow rate.
Once a steady power output was observed, the CO flow rate was
stepped up and the external resistance was optimized using the
Perturbation and Observation MPPT algorithm (Woodward et al.,
2009). The external optimized resistance using the online algo-
rithm was always found to be within the range of 20 Q to that of
the internal resistance obtained from the polarization curves. The
effluent and anodic off-gas compositions were analyzed periodi-
cally. In order to estimate the dissolved CO concentration levels
corresponding to optimum performance, the dissolved CO concen-
tration in the anodic liquid was measured regularly. At each tested
flow rate, polarization tests were performed to estimate the MFC
internal resistance and maximum power output (P% ). Also, the
average (P,,) and maximum operational power output (P;>. ) ob-
served during the course of MFC operation at a particular CO flow
rate is also reported. Notably, P,, takes into account the fluctua-
tions in power output.

3. Results and discussion
3.1. Estimation of K;a

The Kia values for CO were calculated using the analytical solu-
tion of the dissolved CO material balance (Eq. (1)). The silicone
membrane and tubing were operated in a dead-end mode. This
mode of operation allowed for an elevated gas pressure in the sys-

tem due to gas build up, which increased the concentration gradi-
ent and hence the mass transfer of CO (Ahmed and Semmens,
1992). The CO K;a for silicone membrane and tubing were esti-
mated to be 0.63 £ 0.1 and 0.76 + 0.2 h™!, respectively. For an opti-
mum performance of a CO-fed MFC, the rate of CO transfer needs to
be matched to that of its consumption, since an excessive transfer
would lead to CO-related inhibition of carboxydotrophic and elec-
tricigenic microorganisms (Henstra et al., 2007; Mehta et al., 2010;
Sipma et al., 2006). The CO transfer rates obtained for the silicone
membrane and silicone tubing sufficiently matched to the gas
transfer requirements for the CO-fed MFC in the study of Mehta
et al. (2010); confirming the feasibility of using silicone membrane
and tubing for CO transfer in MFCs. The K;a value for silicone tub-
ing was comparably higher than for the membrane, conceivably
due to the difference in their thickness (Ahmed and Semmens,
1992). Comparable CO K.a in the range of 0.4-1.1 h™! for compos-
ite hollow fiber membrane modules has been recently reported
(Munasinghe and Khanal, 2010b). To our knowledge, no other liter-
ature evaluating the mass transfer of CO (gas to liquid) through
membrane systems is currently available.

3.2. MFC tests

The operation of the silicone membrane MFC was started with a
CO flow rate of 2L Ly' d~! and an external resistance of 1089 Q.
After a delay of 2 weeks, a steady voltage of 203 mV corresponding
to a power output of 0.76 mW L;' was observed. At this point, the
CO flow rate was stepped up to 6 L L;' d~! and the external resis-
tance was now optimized using the online optimization algorithm.
After 9 days of operating the MFC at this flow rate, an average (P,,)
and maximum operational power output P%. of 6 mW L' (Fig. 5A)
and 11.2 mW L;' (Table 1), respectively were observed. A maxi-
mum power output (PP ) of 10.1 mW L. with an internal resis-
tance of 175 Q (Table 1) was estimated based on the polarization
curves (Fig. 3). An open circuit voltage (OCV) value of 576 mV
was observed with the cathode and anode OCP values lying in
the range of 200 and 210 mV and between 350 and 385 mV,
respectively. Flow rates higher than 6 L L' d~' were not tested
as it was found to impede the MFC output in our earlier study
(Mehta et al., 2010). As mentioned earlier, for the optimum perfor-
mance of a CO-fed MFC, the rate of gas transfer must match the
rate of its consumption. The relatively high levels of dissolved CO
concentration at higher CO flow rates leads to the inhibition of car-
boxydotrophic and electricigenic microorganisms, thereby imped-
ing the performance of the MFC (Henstra et al., 2007; Mehta et al.,
2010). Decreasing the CO flow rate to 4 L L;' d~! increased P,, and
P? to 8.4mW L;' (Fig. 5A) and 19.3 mW L;' (Table 1), respec-
tively. Also, the CO transformation efficiency of the system in-
creased to 74.2% (Table 1). The P¥ increased to 18 mW L'

max



10902 A. Hussain et al./Bioresource Technology 102 (2011) 10898-10906
700
(A) —4—G6L/LR/day
600
4L/LR/day
__ 500
= G ~h—Syngas
= 400
&
£ 300 ==Sparger-4.8
] L/'LR/day
a 200
100
0 1
0 20 40 60 80 100 120 140 160 180
Current (mA/Ly)
25
(B) —4—6L/LR/day
20 4L/LR/day
3 —f=Syngas
> 15
[
'é e Sparger- 4.8
- L/'LR/Day
g 10
=
=]
Ay 7
5
0
-10 10 30 50 70 90 110 130 150 170
Current (mA/Ly)

Fig. 3. Polarization (A) and power (B) curves obtained for silicone membrane incorporated MFC, where sparger represents the values obtained for the sparger installed MFC

maximized at the flow rate of 4.8 L L;' d~! (Mehta et al., 2010).

(Fig. 3) and the internal resistance decreased to 80 Q (Table 1). This
increase in performance was plausibly due to a drop in dissolved
CO concentration levels as given in Table 1.

As the maximum power output for silicone membrane MFC was
observed at a CO flow rate of 4L L;' d~', the syngas test was per-
formed by feeding both CO and H, at a flow rate of 4 LL;' d~". After
an initial drop of power output to 2 mW L', the power output pro-
gressively increased to 10 mW Ly' within 4 days of starting of the
syngas test. The anodic chamber had to be opened at this point due
to technical problems, which resulted in exposure of the anode to
oxygen. The MFC was restarted with syngas feeding and a recovery
period of 1 week was required before any activity could be ob-
served. The power output later increased to 8 mW L;'. The perfor-
mance of the MFC was plausibly hampered by the inhibition of the
anaerobic carboxydotrophic and electricigenic microorganisms
upon exposure to O,, which was ascertained by a decrease in anode
OCP to between 220-240 mV. Carboxydotrophs are strict anaer-
obes that are sensitive to O, (Oelgeschlager and Rother, 2008). A
similar decrease in the output of a CO-fed MFC upon exposure of
the anode to oxygen was also observed in our previous study (Neb-
urchilov et al.,, 2011). Continued operation of the MFC on syngas for
15 days produced P?, and P,, of 7 mW Ly' (Table 1) and 7.2 mW
L,gl (Fig. 5A) respectively, which were approximately 65% higher
than that previously reported for a syngas fed MFC (Mehta et al.,
2010).

Notably, the fluctuations in the power output observed during
the operation of silicone membrane MFC was likely caused by trace
amounts of O, in the gas bags used to feed the MFC with CO and H,.
An increase in power output was always observed within 24 h of
replenishing the gas bag. In order to obtain the best estimation
of MFC performance the polarization tests were always performed
within 24-30 h after replenishing the gas bags when the MFC per-
formance was observed to be most stable.

In general, the performance of a silicone membrane MFC was
comparatively better than that observed for the sparger equipped
MEC in the previous study (Mehta et al., 2010). The maximum vol-
umetric power outputs, Py, and PP at the CO flow rate of 4 L L’
d~! were approximately 35% and 180% higher than that previously
reported (Kim and Chang, 2009; Mehta et al., 2010). Also, the CO
transformation efficiency increased by 20%. The CE obtained during
CO feeding was comparable to that reported for the sparger
equipped MFC (Mehta et al., 2010).

For studying the performance of the silicone tubing MFC, a sil-
icone tube wound around a support (stainless steel mesh) was
placed next to the anode. Also, in order to avoid the problem of
fluctuation in power output due to O, diffusion in the gas bags,
the CO line was connected directly to a CO cylinder. The tests were
performed with the same anode as that used in the silicone mem-
brane tests, thus the variations in power output resulting from dif-
ferences in the microbial populations were avoided.
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The CO transformation efficiency in the silicon tubing MFC was
comparatively higher than that observed for the silicone mem-
brane MFC, with the maximum power outputs, P%  and
PP{ observed at a CO flow rate of 3L L' d~' (Table 1). The P,
and P,, were 13 mW L;' (Fig. 4) and 10.3 mW L;' (Fig. 5B) respec-
tively, which were approximately 60% and 103% higher than that
observed in previous study (Mehta et al., 2010). Also, a CO transfor-
mation efficiency of 92% was achieved (Table 1.) Though the max-
imum CO transformation efficiency of 98.5% (Table 1) was
observed at a flow rate of 2L L;' d~!, the power output (Fig. 4)
was comparatively lower as the process was plausibly limited by
low acetate concentrations. The electricity generation in a CO fed
MEFC predominantly takes place by the conversion of CO to acetate
by the acetogenic carboxydotrophic microorganisms followed by
the oxidation of acetate by CO tolerant electricigenic microorgan-
isms. Low acetate levels at low CO flow rates limits electricity gen-
eration in a CO-fed MFC (Mehta et al., 2010).

Silicon tubing MFC operation on syngas was tested by feeding
CO and H, at a flow rate of 3L Ly' d~". A P?,, of 8.1 mW L'
(Fig. 4) and a P, of 6.7 mW L;' (Fig. 5B) were observed, which
were approximately 92% and 60% higher than that previously re-
ported (Mehta et al., 2010). Fluctuations in power output of silicon
tubing MFC were less intense than those observed for silicone
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membrane MFC. However, the O, levels in the anodic chamber of
silicone tubing MFC increased with the installation of the H, bag,
impeding the carboxydotrophic activity, which can be inferred
from the low CO transformation efficiency (41.5%) and a decrease
in anode OCP (250-270 mV) observed during the syngas test.

In general, the volumetric power output of silicone tubing MFC
was comparable to that obtained for silicone membrane MFC, but
the CO transformation efficiency for silicone tubing MFC was con-
siderably higher due to better CO gas to liquid transfer capability of
silicone tubing as reflected by the higher CO K;a value for the tub-
ing than for the silicone membrane. Consequently, the optimum le-
vel of dissolved CO was achieved at a lower CO flow rate. The
power output was maximized at dissolved CO levels of 7.8-8 mg/
L (Table 1).

The maximum current density achieved for silicone membrane
and silicone tubing MFCs were in a range of 1.0-1.4 and 0.7-
0.9 Am™2, respectively. Acetate-fed MFCs have been reported to
have a similar current density of 1.1-2.0 Am~2 and a power output
of 10-100 mW L;' (Logan et al., 2006; Lovley, 2008; Martin et al.,
2010; Neburchilov et al., 2011; Pinto et al., 2010). Such current
densities could be considered low for a hydrogen fuel cell, however
they are sufficient to consider an MFC as a feasible technology for
electricity production from organic waste (Logan, 2010). In our
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Fig. 4. Polarization (A) and power (B) curves obtained for silicone tubing incorporated MFC, where sparger represents the values obtained for the sparger installed MFC

maximized at the flow rate of 4.8 L LR” d~! (Mehta et al., 2010).
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Fig. 5. Average volumetric power output for (A) silicone membrane and (B) silicone
tubing incorporated MFCs at different CO flow rates. The error bars represent the
calculated standard deviation for the data points.

study, the anode occupied 25 mL of the anodic chamber. By recal-
culating the volumetric power output per anode volume, a power
output of 36 mW/Lanoqe for silicone membrane (at 4L Ly' d71)
and 26 mW/L,poge for silicone tubing (at 3 L L,;l d~1) was obtained,
which implies that further design improvements/optimization of
cathode and the anodic chamber can result in a higher power ou-
put for a CO-fed MFC.

The results of VFA and off gas analysis (Fig. 6) for silicone mem-
brane and silicone tubing tests were in accordance to previous
observations (Kim and Chang, 2009; Mehta et al., 2010). The efflu-
ent measurements demonstrated the predominance of acetate as
the major metabolite with propionate, methanol and ethanol were
present only in trace amounts. The concentration of acetate in-
creased as CO flow rate increased (Table 1). Degradation products
such as H, and CH4 were detected in the anode off-gas. Based on
the analysis of metabolic products, Mehta et al. (2010) hypothe-
sized that the production of electricity in CO-fed MFC proceeds
through multi-step concurrent pathways. The conversion of CO
to acetate followed by the oxidation of acetate by CO tolerant elec-
tricigenic microorganisms is hypothesized to be the most promi-
nent pathway. The following stoichiometric equations describe
this pathway (Mehta et al., 2010; Hussain et al., 2011):

4C0 + 2H,0 — CH3COOH + 2CO, (3)

CH;COOH + 2H,0 — 2C0O2 + 8e™ + 8H* 4)

A. Hussain et al./Bioresource Technology 102 (2011) 10898-10906

The presence of H, in the off-gas when the MFC was operated on CO
was indicative of hydrogenogenic activity. It was hypothesized that
H, was used as an electron donor for electricity generation by the
electricigenic microorganisms. Electricity generation in a MFC fed
with H, has previously been demonstrated (Bond and Lovley,
2003). This particular pathway can be expected to have profound
relevance for MFC operation on syngas. Finally, the possibility of di-
rect electron transfer to the anode by recently isolated metal reduc-
ing carboxydotrophic micro-organisms was also discussed (Mehta
et al.,, 2010).

Even though significant levels of acetate were observed in the
anodic liquid, the CE of the system was invariably low, conceivably
due to the concomitant production of CH4 and other degradation
products (Mehta et al., 2010; Sipma et al., 2003). In the study of
Sipma et al. (2003) CO conversion in some cases led to the produc-
tion of acetate and CO, and to CH4 and CO, in others. More impor-
tantly it was noticed that acetate seemed to serve as the main
intermediate for CH4 production, implying that much higher CE
for a CO-fed MFC can be achieved if the formation of CH,4, H, and
other degradation products can be kept to a minimum. Mehta
et al,, (2010) reported a CE of 33% for a CO-fed MFC when the
calculations were modified to take into account the consumption
of fed CO for the production of CH4, H, and acetate that was not
used for electricity production. This CE is only marginally lower
that reported for acetate MFCs with comparable designs (Logan,
2008).

Overall, the operation of a silicone membrane and silicone tub-
ing MFCs clearly demonstrated that the performance of a CO-fed
MFC can be significantly increased by adopting efficient mass
transfer techniques. In our earlier study (Mehta et al., 2010), a
sparger was used for gas to liquid transfer of CO. The installation
of the sparger required not only the doubling of the anode com-
partment volume (100 mL) but also much higher CO flow rates to
achieve the desired dissolved CO levels due to mass transfer limi-
tations; resulting in considerable gas losses and a low CO transfor-
mation efficiency. In this study, with the installation of a silicone
membrane or tubing, an efficient gas to liquid transfer was
achieved with a reduced anodic volume (50 mL), which consider-
ably increased the volumetric power output along with a signifi-
cant increase in CO transformation efficiency.

Interestingly, we observed biofilm formation on the surface of
silicone membrane (facing the liquid) and also on the tubing. Bio-
film formation on membrane surfaces has been widely reported. In
the patent held by Hickey et al. (2008) a membrane bioreactor was
employed for the conversion of CO or syngas to ethanol and other
liquid products. The membrane concurrently served as support for
biofilm growth. Biofilm formation on the surface of silicone mem-
branes in membrane bioreactors for waste gas and water treat-
ment has been reported (Kumar et al., 2008; Reij et al., 1998).
This phenomenon of biofilm formation on silicone membrane sur-
faces is quite pertinent to CO-fed MFCs, where a biofilm formation
on membrane surface would increase the density of acetogenic
carboxydotrophic microorganisms in the anodic chamber and
thereby increasing the acetate concentration and CO transforma-
tion efficiency.

CO and syngas fed MFCs offer a promising technology that has a
number of advantages over polymer electrolyte membrane fuel
cells (PEMFC) or solid oxide fuel cells (SOFC), as MFCs do not re-
quire noble catalysts at the anode nor are they very sensitive to
fuel impurities as it has been previously reported in the case of
PEMFC and SOFC (Kim and Chang, 2009; Song, 2002). The MFC
based process can be used to combine electricity production with
hydrogen extraction from syngas or in combination with syngas
biotransformation to valuable energy carriers, such as butanol
(Pengmei et al., 2007).
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Fig. 6. Anodic off-gas composition for (A) silicone membrane and (B) silicon tubing incorporated MFC.

4. Conclusion

This study demonstrated the feasibility of using dense polymer
membranes such as silicone membranes and thin wall silicone tub-
ing, for efficient mass transfer of CO into a MFC. Thin silicone mem-
branes and tubing can be easily incorporated into a MFC without
requiring extensive changes in its design. A P’ of 13 mW L;'
and 18 mW L;' was achieved in silicone tubing and membrane in-
stalled MFC respectively, which was approximately 103% and 180%
higher than that previously reported. Also, much higher CO trans-
formation efficiencies in the range of 75-99% were obtained. Fu-
ture studies might focus on testing other gas diffusion
membranes with a high affinity for CO. Improved gas transfer dem-
onstrated by the membrane-based systems, allows for focusing on
the process microbiology, which could lead to the isolation of novel
electricigenic carboxidotrophic microorganisms.
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