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Abstract 27 

 28 

In this work, the performance of dual-chamber microbial fuel cells (MFCs) 29 

constructed either with commonly used Nafion
®
 proton exchange membrane or 30 

supported ionic liquid membranes (SILMs) was assessed. The behavior of MFCs was 31 

followed and analyzed by taking the polarization curves and besides, their efficiency 32 

was characterized by measuring the electricity generation using various substrates such 33 

as acetate and glucose. By using the SILMs containing either [C6mim][PF6] or 34 

[Bmim][NTf2] ionic liquids, the energy production of these MFCs from glucose was 35 

comparable to that obtained with the MFC employing polymeric Nafion
®

 and the same 36 

substrate. Furthermore, the MFC operated with [Bmim][NTf2]-based SILM 37 

demonstrated higher energy yield in case of low acetate loading (80.1 J g
-1 

CODin m
-2

 38 

h
-1

) than the one with the polymeric Nafion
®

 N115 (59 J g
-1 

CODin m
-2

 h
-1

). Significant 39 

difference was observed between the two SILM-MFCs, however, the characteristics of 40 

the system was similar based on the cell polarization measurements. The results 41 

suggest that membrane-engineering applying ionic liquids can be an interesting subject 42 

field for bioelectrochemical system research. 43 

 44 

Keywords: bioelectrochemical system, microbial fuel cell, membrane, ionic liquid, 45 

electricity generation, polarization 46 

 47 

  48 
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1. Introduction 49 

 50 

Microbial fuel cells (MFCs) are considered as newfangled and environmental 51 

friendly renewable energy-producing systems that are able to directly convert waste-52 

bound chemical energy into electricity by the assistance of electrochemically-active 53 

microorganisms (Logan et al., 2006; Lovley, 2006). A classical microbial 54 

electrochemical system consists of three main structural components, such as (i) an 55 

anaerobic anode, (ii) an aerobic cathode chamber and (iii) a separator in-between 56 

them, in most cases a membrane with ion-exchange capacity (Kumar et al., 2017). The 57 

membrane, besides its role in physically separating the two half-cells, is supposed to 58 

facilitate the selective transport of protons from the anode to the cathode chamber 59 

(Winfield et al., 2016). So far, a significant number of studies have dealt with the 60 

development of bioelectrochemical cells and it has been proven that they can be 61 

operated with different type of membranes (e.g. proton exchange (PEM), anion-62 

selective, bipolar, ultra- and microfiltration or composite, etc.) (Li et al., 2011). Thus, 63 

it can be concluded that their features can notably affect the performance of these 64 

applications (Gildemyn et al., 2017) i.e. due to their different contribution to the 65 

overall internal resistance of the system (Kumar et al., 2017). Though there is a range 66 

of membranes to choose from, PEMs are the most routinely used by far (Rahimnejad 67 

et al., 2014). However, their price is a factor that can limit scale-up and thus drive the 68 

research to develop alternative, potential replacement materials.  69 

Recently, novel membranes prepared with ionic liquids were reported as 70 

promising competitors to conventional polymers such as Nafion
®
 in MFCs 71 
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(Hernández-Fernández et al., 2015). Ionic liquids (ILs) have been recognized as novel 72 

and green solvents, many of which – depending on their chemical structure – are 73 

liquids even at room temperature and can be immobilized in a porous matrices to form 74 

a so-called supported ionic liquid membrane (SILM) (Bakonyi et al., 2013; Bednár et 75 

al., 2016; Cserjési et al., 2010). Moreover, there is a possibility to process the ionic 76 

liquid into polymers where no porous supports are required (Yuan et al., 2013). Recent 77 

findings of Hernández-Fernández et al. (2015) and Hernández-Fernández et al. (2016) 78 

indicated that ionic liquids can actively participate in the proton transport taking place 79 

between the anode and cathode chambers of bioelectrochemical system and 80 

additionally, it was concluded that the amount of ionic liquid immobilized in the 81 

membrane is able to influence the actual power output in microbial fuel cells. The 82 

same research group demonstrated the role of ionic liquids in MFCs by using different 83 

ionic liquid-polymer inclusion membranes (PIM) as well as ionic liquid-type 84 

membrane-cathode assembly (Salar-García et al., 2015; 2016). In an interesting study, 85 

Sood and co-workers (2015) communicated the successful combination of Nafion
®
 86 

and proton conductive ionic liquids, where increasing conductivities of the doped 87 

membranes along with higher ionic liquid loadings were observed. More recently, an 88 

approach to prepare ionic liquid/imidazoledicarboxylic acid modified 89 

poly(vinylalcohol) polyelectrolyte membranes was introduced by Gohil and 90 

Karamanev (2016), where MFC set-ups with these blended membranes provided 91 

salient current as well as power densities. Further applications of ionic liquid in MFCs 92 

include (i) the functionalization of carbon nanotubes to obtain anodes with improved 93 
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interfacial electron transfer (Wei et al., 2016) and (ii) the modification of cathodes for 94 

enhanced MFC performance (Ortiz-Martínez et al., 2016).   95 

In this research work, the characteristics of SILM-based MFCs (membranes 96 

prepared with [C6mim][PF6] and [Bmim][NTf2] ionic liquids) were investigated in 97 

terms of their main energetical traits along with behavior analysis using the 98 

polarization curve technique. The results were compared to MFCs operating with 99 

Nafion
®
 proton exchange membrane in order to evaluate the feasibility of MFCs with 100 

new generation membrane separators and attempt to deliver a better comprehension of 101 

the membrane-related effects. 102 

 103 

2. Materials and Methods 104 

 105 

2.1. Preparation of SILMs 106 

 107 

To prepare the SILMs, water immiscible 1-butyl-3-methylimidazolium 108 

bis{(trifluoromethyl)sulfonyl}imide ([Bmim][NTf2]) and 1-hexyl-3-109 

methylimidazoluim hexafluorophosphate ([C6mim][PF6]) ionic liquids (IoLiTec, 110 

Germany) were chosen. The main aspect was to use ionic liquids with near the same 111 

hydrophobicity, thus, the effect of the hydrophobicity on the observed differences can 112 

be avoided. Since the anions possess disparate hydrophobicity values, the differences 113 

can be compensated through selecting the cation chain length properly. As supporting 114 

layer for ionic liquid immobilization, hydrophobic porous Durapore
®

 PVDF 115 

membrane was used, each having a diameter of 4.5 cm, a pore size of 0.22 m and a 116 
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thickness of 125 m (Millipore Corp., USA). The SILM fabrication procedure had 117 

been described in details in our previous paper (Cserjési et al., 2010). After IL 118 

immobilization, the membrane surface was cleaned carefully (to remove excess ionic 119 

liquid). Subsequently, the weight and thickness of the SILMs were measured and the 120 

amount of IL embedded in the PVDF matrix was determined. 121 

 122 

2.2. MFC setup 123 

 124 

Mesophilic anaerobic sludge (with initial COD and pH of 17 g L
-1

 and 7.5, 125 

respectively) collected from a local biogas plant was used for the inoculation of the 126 

plexi-made MFCs which were constructed with a total working volume of 60 mL of 127 

each chamber (Koók et al., 2016, Rózsenberszki et al., 2015). The schematic diagram 128 

of the MFC can be seen in Fig. 1. The MFC chambers were separated by Nafion
®
 129 

N115 (Sigma-Aldrich, USA) PEM or the different SILMs. Prior to use, the Nafion
®
 130 

was pretreated by following the method described in the work of Ghasemi et al. (2013) 131 

and Rahimnejad et al. (2012). Carbon cloth fixed on a titanium wire with a total 132 

projected surface area of 64 cm
2
 was used as electrode (both anode and cathode). The 133 

cathode chamber contained 60 mL, 50 mM phosphate buffer (pH = 7), which was 134 

continuously aerated. Initially, the anode chamber was filled with 45 mL of the same 135 

buffer, 14 mL of the anaerobic sludge as seed source and substrates were injected in 1 136 

mL volume to achieve the desired initial substrate concentration in 60 mL for the 137 

experiments (see in Section 3.1.). A 100 Ω resistor was inserted in the external circuit 138 

to record the potential difference between the two electrodes. More details regarding 139 
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the MFC set-up can be found in our earlier publications (Koók et al., 2016, 140 

Rózsenberszki et al., 2015, 2017). The start-up experiences with various substrate 141 

(sodium acetate, glucose) feedings is discussed in Section 3.1. 142 

 143 

2.3. Analysis and Calculations 144 

 145 

The cell voltage was continuously measured and acquired by using a data 146 

logger device (National Instruments). According to Ohm’s law, current (I) and thus 147 

other electrical data (such as current density, I or power density, Pd) could be 148 

calculated based on the voltage recorded and the external resistance I. Cumulative 149 

energy data I is the product of integrating the time-dependent power curve. The time-150 

specific (Yt) and substrate-specific energy yields (YS) were computed according to Eqs. 151 

1 and 2, respectively (specified relationships based on Koók et al., 2016; 152 

Rózsenberszki et al., 2015): 153 

 154 

Yt =
 P(t)dt
τ

0

 A τ
                               (1) 155 

 156 

YS =
 P(t)dt
τ

0

m(COD in ) A τ
                              (2) 157 

 158 

where P is the power (W), A is the apparent anode surface area (m
-2

),  is the operation 159 

time (h) for a batch feeding cycle and m(CODin) is the amount of COD added (grams) by 160 

the different substrate feedings. COD was determined in accordance with the Standard 161 

Methods (APHA, 1995). The operation time was defined as the time elapsed between 162 



8 
 

the substrate addition and the point when the voltage peak was returned to the initial 163 

value. 164 

 In order to measure the polarization curves (Section 3.2.), an external circuit 165 

with variable resistor and a digital multimeter were applied. Based on the slope of the 166 

linear region of the polarization curves, the internal cell resistance (Ri) could be 167 

estimated. 168 

 169 

3. Results and Discussion 170 

 171 

3.1. Comparing the performance of MFCs with different membrane 172 

separators and substrates 173 

 174 

The SILMs were prepared successfully, having final masses of 299 mg and 296 175 

mg and thicknesses of 117 m and 115 m in case of [C6mim][PF6] and 176 

[Bmim][NTf2] ionic liquids, respectively. The PVDF membrane pores were 177 

considered saturated with the particular ionic liquid, the surface specific ionic liquid 178 

contents were 11.37 ± 0.1 mg cm
-2

. This value is fairly comparable with those reported 179 

by Hernández-Fernández et al. (2015), who manufactured SILMs with ~18 mg cm
-2

 180 

ionic liquid content in nylon supporting layer. 181 

In the first period of the MFC operation, considered as the biofilm acclimation 182 

period, glucose (5 mM) as adaptation substrate was used in several consecutive cycles, 183 

until stabilized current density time profiles were reached (Carmona-Martínez et al., 184 

2015). Afterwards, the main goal of the investigation was to reveal how the various 185 
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membrane types affect the performance of the MFC. To do so, the MFCs were 186 

installed with the Nafion and SILMs and put to work with sequential feedings of 25 187 

mg Na-acetate and 25 mg glucose in all cases. The main, process efficiency-related 188 

parameters measured and calculated are listed in Table 1 for comparison. From Table 189 

1, it can be inferred that the MFC behavior was quite determined by the sort of 190 

membrane employed, resulting in notable performance differences in case of the same 191 

amount and quality of substrate. Applying acetate, the [C6mim][PF6]-MFC produced 192 

the least attractive outputs along with the longest operation time. In summary, it can be 193 

concluded that the use of [C6mim][PF6]-containing SILM caused 50 % lower maximal 194 

voltage and current density in comparison with the Nafion
®
-MFC. In contrast, as 195 

response to the same dose of acetate, the [Bmim][NTf2]-MFC was able to exceed the 196 

voltage, current and power density values of the Nafion
®

-MFC. In fact, the maximal 197 

power density was 28 % higher than for Nafion
®

-MFC. Regarding glucose feeding, 198 

although the [Bmim][NTf2]-MFC was the more efficient among the two SILM-MFCs, 199 

both were found to be relatively less efficient than the Nafion
®
-MFC, as both were 200 

characterized with approximately 35 % lower voltage and current density outputs as 201 

well as roughly 60 % less maximal power densities.  202 

These achievements for the Nafion
®
-MFC coincide well with the previous 203 

literature, where for instance, Ieropoulos et al. (2005) tested different types of MFCs 204 

with pure cultures, applying Nafion
® 

as separator. In case of 5 mM acetate injection 205 

and absence of added mediators, the G. sulfurreducens-inoculated MFCs produced 206 

current density values between 1.17 – 5.93 mA m
-2

 and power density of 0.257 – 1.175 207 

mW m
-2

, meanwhile 28.5 mA m
-2

 and 0.52 mW m
-2

 could be achieved in our present 208 
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experimentation for Nafion
®
 membrane. In another paper, Chaudhuri and Lovley 209 

(2003) operated mediator-less Nafion
®

-MFCs fed with 10 mM glucose, using different 210 

types of graphite anodes. They reported current densities of 28 – 74 28.5 mA m
-2

, 211 

which are in the same order or magnitude with those with glucose in our present 212 

Nafion
®
-MFC (36.4 mA m

-2
). In addition, Zhang et al. (2006) investigated MFCs with 213 

perfluorinated ion membrane fed with different substrates. They reported 140 mA m
-2

 214 

current density and 59 mW m
-2

 power density in case of 20 mM acetate, while these 215 

values were 110 mA m
-2

 and 43 mW m
-2

 for 10 mM glucose, respectively. Glucose 216 

and acetate were also tested in our earlier work for energy generation in MFCs 217 

(chambers separated by Nafion
®
 membrane) inoculated with mesophilic sludge 218 

(Bélafi-Bakó et al., 2011). As a response to the addition of 0.1 – 0.5 mM glucose, the 219 

MFCs produced 200 – 320 mA m
-2

 current and 2 – 5.1 mW m
-2

 power density 220 

(glucose), while after the supplementation of 0.25 – 1 mM acetate, 170 mA m
-2

 and 221 

1.45 mW m
-2

 could be achieved (Bélafi-Bakó et al., 2011). 222 

Lately, Hernández-Fernández et al. (2015) demonstrated that 115 mW m
-3

 223 

volume specific power density could be attained by treating wastewater substrate in 224 

Nafion
®
-MFC, while in contrast, the MFCs operated with [Omim][NTf2] and 225 

[Omim][PF6]-containing nylon membranes provided 61 and 200 mW m
-3

, respectively. 226 

In the light of our results with Nafion
®
 (power density of 60.2 mW m

-3
 for acetate and 227 

98.7 mW m
-3

 for glucose) and [Bmim][NTf2]-based SILMs (77.2 mW m
-3

 for acetate 228 

and 42.6 mW m
-3

 for glucose), it can be deduced that despite certain differences in the 229 

experimental conditions (i.e. the type of cation in the ionic liquids, the support material 230 
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and the substrate used) the results of the current investigation agree more or less with 231 

the already published literature (Hernández-Fernández et al., 2015).  232 

Further description of the experiences with the various MFCs can be ensured 233 

based on the energy parameters (E and YS). As a matter of fact, the [Bmim][NTf2]-234 

MFC appeared to be the most reliable in the view of the obtainable (i) cumulated 235 

energy and (ii) energy yield by feeding acetate. In particular, its cumulative energy 236 

production was 50 % and nearly 3-fold higher than for the Nafion
®

–MFC and 237 

[C6mim][PF6]-MFC, respectively. During the experiments, this cumulative energy 238 

value was 0.41 J, while the highest energy yield of 80.1 J g
-1

 CODin
 
m

-2
 h

-1
 could be 239 

noticed. The glucose addition led to approximately the same cumulative energy values 240 

for the SILM-MFCs, while the Nafion
®
-MFC produced the highest value with more 241 

than 0.34 J in this part of the experiments. 242 

The time course of the energy production (Fig. 1) suggests considerable 243 

differences for the MFCs, reflecting distinguishable features between the energy 244 

production kinetics of the two SILM-MFCs. The acetate-utilizing [Bmim][NTf2]-MFC 245 

was capable of reaching the peak value of the obtainable energy in 37 hours, while this 246 

point could be achieved only after 100 hours of operation with the [C6mim][PF6]-247 

MFC. Furthermore, the [Bmim][NTf2]-MFC significantly exceeded the performance 248 

of Nafion
®
-MFC. For this latter system, the operation time was 36 hours, however, its 249 

initial energy production rate gradually decreased after the 20
th

 hour.  250 

After glucose addition, the Nafion
®

-MFC was able to reach higher energy 251 

values than the SILM-MFCs. Noteworthy, the [Bmim][NTf2]-MFC showed a stable 252 

energy production over 38 hours, which started to stagnate around 40 J m
-2

. On the 253 
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other hand, stable production was followed by a slower increase after the 25
th

 hour in 254 

case of [C6mim][PF6]-MFC, and after 80 hours, it exceeded barely the value of 255 

maximal cumulated energy produced by the [Bmim][NTf2]-MFC at the 45
th

 hour. It is 256 

noteworthy that the MFCs were stable for more than two months (until disassembling), 257 

meaning that that the membranes containing ionic liquids had no negative effect on the 258 

system stability in the operational time range of this research. 259 

Based on the actual efficiency obtained from g of COD fed (either in the form 260 

of acetate or glucose), it can be said that the Nafion
®
-MFC produced nearly the same 261 

value for the two substrates (14.3 J g
-1

 and 13.1 J g
-1

), while these values were 7.2 J g
-1

 262 

and 10.9 J g
-1

 for the [C6mim][PF6]-MFC and 21 J g
-1

 and 10.9 J g
-1

 for the 263 

[Bmim][NTf2]-MFC, respectively. Accordingly, the MFC with the [Bmim][NTf2]-264 

containing membrane possessed the highest specific energy yield  for acetate (21 J g
-1

 265 

vs. 14.3 and 7.2 J g
-1

), while nearly the same values (13.1, 10.9 and 10.9 J g
-1

) were 266 

obtained with glucose, regardless of the membrane applied.  267 

Thus, it can be assumed that the [Bmim][NTf2]-MFC had a property which 268 

resulted in a more efficient acetate utilization capacity. The results cannot be explained 269 

by the possible differences in the degradation capacity of the biofilms, since the same 270 

cell was used in the experiments with the various membranes sequentially. Therefore, 271 

the observed differences should have a relation with other intrinsic properties of the 272 

biological fuel cells e.g. internal resistance, which can be influenced by the particular 273 

membrane acting as an Ohmic resistance (Kumar et al., 2017). Therefore, Section 3.2. 274 

presents the results of polarization curves, which were taken to see whether the change 275 

of MFC internal resistances can be correlated with the membrane actually used. 276 
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3.2. Determination of the system-specific parameters: MFC internal 277 

resistance vs. membrane-type 278 

 279 

The determination of the polarization curves (Fig. 2) was carried out once 280 

steady-state conditions in the MFCs (reaching the stabilized, maximum voltages) were 281 

noted with acetate substrate. Speaking generally, the Nafion
®

-MFC produced the 282 

highest current and power densities, while the results for SILM-MFCs were far below 283 

these data. The Ohmic range of the curves was twice as narrow for the SILM-284 

operating MFCs as for Nafion
®
 (up to 38 mA m

-2
), numerically up to 16 mA m

-2
 for 285 

[C6mim][PF6]-MFC and 18 mA m
-2

 for [Bmim][NTf2]-MFC.  286 

The maximal power density was obtained at ~ 1.5 kΩ external resistance in case 287 

case of Nafion
®

-MFC, while for the SILM-MFCs, this point was reached at ~3 kΩ. 288 

The use of Nafion
®

 membrane resulted in Pd value of 4.2 mW m
-2

, while the 289 

[C6mim][PF6]-MFC produced 1.1 mW m
-2

 and [Bmim][NTf2]-MFC exceeded 1.4 mW 290 

m
-2

. Based on the slope of the linear region of the polarization curves (derived from 291 

the average of at least 3 repetitions), the internal cell resistances (Ri) could be 292 

estimated (Logan et al., 2006). The Ri values for Nafion
®

-MFC, [C6mim][PF6]-MFC 293 

and [Bmim][NTf2]-MFC were found as 1.3 kΩ, 2.7 kΩ and 2.5 kΩ, respectively. In 294 

case of Nafion
®
, the Ri is comparable with literature data, for example, Ieropoulos et 295 

al. (2005) demonstrated acetate-utilizing (5 mM) Nafion
®
–MFC with 1.1 kΩ internal 296 

resistance. In another paper, Oh and Logan (2006) obtained Ri in the range of 89 Ω – 297 

1.1 kΩ for acetate-utilizing Nafion
®
-MFCs, depending on the membrane size, which 298 
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seemed to play a defining role in the actual internal resistance of the 299 

bioelectrochemical set-up. 300 

Overall, it has turned out from our data that there was no significant difference 301 

between the internal cell resistance of the two SILM-MFC and both of them had about 302 

two times higher Ri value than the Nafion
®

-MFC. Consequently, these results imply 303 

that the performance of MFCs with different membranes was not primarily associated 304 

the alterations of internal resistances and it can be proposed that only a deeper study 305 

on (i) properties of the individual ionic liquids as well as (ii) those of the membranes 306 

prepared with them will enhance the level of understanding about the underlying 307 

phenomena. This will be targeted in our next work, where parameters such as gas 308 

permeability (i.e. O2 transfer), substrate (such as acetate) transport, etc. can be useful 309 

to further elaborate the MFC behaviors.  310 

 311 

3.3. Effect of the substrate quantity on MFC performance with supported 312 

ionic liquid and Nafion
®
 membranes 313 

 314 

Since the [Bmim][NTf2]-based SILM was the most efficient with acetate, 315 

further experiments were conducted using this membrane and Nafion
®
 as a 316 

benchmark. The effect of the amount of COD added by the substrate on the energy 317 

output was studied by varying the Na-acetate loading. Fig. 3 illustrates the tendency of 318 

the cumulated energy as a function of COD added. It can be seen in the chart that E 319 

values, for both membranes, were in nearly direct proportionality with the dose of 320 

organic matter. 321 
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 Fig. 4 indicates the specific energy yields as a function of the COD input. 322 

Considering the time-specific energy yield (Fig. 4A), it could be observed that Yt was 323 

increased by higher COD inputs using Nafion
®

-MFC. However, the [Bmim][NTf2]-324 

MFC demonstrated a completely different tendency, as reflected by the profile 325 

developed in the whole COD range studied. This stagnation may have occurred due to 326 

achieving the maximal rate of the whole cell reaction, caused by possibly limited 327 

(proton) transport process across the membrane and the losses related. Fig. 4B depicts 328 

that higher energy yield could be realized at the lowest substrate loading by applying 329 

the [Bmim][NTf2]-based SILM as separator, in comparison with Nafion
®
-MFC. 330 

However, this advantage rapidly disappears as the amount of substrate is increased 331 

(Fig. 4B). Thus, it can be drawn from Fig. 4 that in the lower substrate (acetate) 332 

loading regions, SILM based on [Bmim][NTf2] can be competitive with the widely-333 

used Nafion
®

.Nevertheless, it is an important conclusion for both the  Nafion
®

-MFC 334 

and the [Bmim][NTf2]-MFC that making a trade-off between the time-specific (Fig. 335 

4A) and substrate dose-specific energy yield (Fig. 4B) is required, since higher time-336 

specific values were manageable only at the expense of decreased substrate-specific 337 

one. The observation that YS was in reverse relationship with substrate concentration is 338 

in agreement with our previous findings on MFC operated with the liquid fraction of 339 

pressed solid waste (Koók et al., 2016). 340 

 341 

  342 
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4. Conclusions 343 

 344 

Supported ionic liquid membranes (SILMs) could be successfully prepared 345 

using water immiscible ionic liquids and PVDF as supporting layer. Two-chamber 346 

MFCs were built and operated steadily in longer-terms with Nafion
®

 proton selective 347 

membrane, [C6mim][PF6] and [Bmim][NTf2]-based SILMs. The highest energy output 348 

could be achieved with the [Bmim][NTf2]-MFC using acetate, while the lowest one 349 

was produced by the [C6mim][PF6]-MFC on the same substrate. In case of glucose 350 

addition, the Nafion
®

-MFC was found to be the most efficient, whilst the SILM-MFCs 351 

could be characterized with comparable energy generation. The assessment of 352 

polarization curves led to the conclusion that the different behaviors of the two SILM-353 

MFCs (with acetate) could not be explained by the change of internal resistance (Ri) 354 

values, creating a need for future study to elaborate the correlation of ionic liquid 355 

properties with the actual MFC performance. The experiments on the substrate 356 

loading-dependency applying acetate have shown that the [Bmim][NTf2]-MFC could 357 

be competitive with the Nafion
®
-MFC at low substrate inputs.  358 
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Figure Legend 467 

 468 

Fig. 1 – Schematic diagram of a dual-chamber MFC 469 

Fig. 1 – Time course of the energy production with different membranes and 470 

substrates 471 

Fig. 2 – Results of polarization curve measurements on MFCs with various 472 

membrane separators in the presence of acetate substrate 473 

Fig. 3 – Cumulated energy data with different acetate feedings 474 

Fig. 4 – A: Time-specific energy yield; B: substrate-specific energy yield as a 475 

function of COD input 476 
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Fig. 2 484 
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Fig. 3 490 
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Fig. 4 496 
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Table 1 – Electric outputs and operation time of substrate feedings for the 504 

different MFCs 505 

 506 

  Na-acetate   Glucose  

 
Nafion

®
 [C6mim][PF6] [Bmim][NTf2] Nafion

®
 [C6mim][PF6] [Bmim][NTf2] 

Umax                    

[mV] 
18.2 9.1 20.6 23.3 14.6 15.3 

imax                  

[mA m
-2

] 
28.5 14.3 32.3 36.4 22.9 23.9 

Pd,max               

[mW m
-2

] 
0.52 0.13 0.67 0.85 0.33 0.37 

P
*

d,max 

[mW m
-3

] 
60.2 15.1 77.2 98.7 38.8 42.6 

 [h] 36 97 37 42 88 41 

J 0.28 0.14 0.41 0.35 0.29 0.29 

YS [J g
-1 

CODin
 

m
-2

 h
-1

] 
59.0 11.4 80.1 42.2 19.2 29.5 

Pd,max and P
*
d,max values were calculated relative to the anode surface area and the anolyte volume, respectively. 
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