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Abstract: The conversion of C1 gas feedstock, such as carbon monoxide (CO), into useful platform 19 
chemicals has attracted considerable interest in industrial biotechnology. One conversion method 20 
is electrode-based electron transfer to microorganisms using bioelectrochemical systems (BESs). In 21 
this BES system, acetate is the predominant component of various volatile fatty acids (VFAs). To 22 
appropriately separate and concentrate the produced acetate, a BES type electrodialysis cell with an 23 
anion exchange membrane was constructed and evaluated under various operational conditions, 24 
such as the applied external current. The higher acetate flux of 23.9 mmol/m2∙hr was observed 25 
under -15 mA current in an electrodialysis-based bioelectrochemical system. In addition, the initial 26 
acetate concentration affects the separation efficiency and transportation rate. The maximum flux 27 
appeared at 48.6 mmol/m2∙hr when the acetate concentration was 100mM, whereas the effect of the 28 
initial pH of the anolyte was negligible. The acetate flux was 14.9 mmol/m2∙hr when actual 29 
fermentation broth from BES based CO fermentation, was used as a catholyte. A comparison of the 30 
synthetic medium with the actual fermentation medium suggests that unknown substances and 31 
metabolites in the actual medium interfere with electrodialysis in the BES. These results provide 32 
information on the separation and optimal concentration for VFAs produced by C1 gas 33 
fermentation through electrodialysis, and a combination of a BES and electrodialysis. 34 

Keywords: Electrodialysis; Bioelectrochemical system; Microbial fuel cell; C1 gas; Carbon 35 
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40 

41 

1. Introduction42 

43 

44 
45 

Figure 1. Separation and concentration concept for acetate produced from C1 gas by a BES. Acetate 46 
separated by an anion exchange membrane. 47 

48 
The biological conversion of industrial waste gases containing carbon dioxide and carbon 49 

monoxide are being highlighted to reduce the emissions of greenhouse gases, and simultaneously 50 
produce the building blocks of fuel and more useful commodity chemicals [1, 2]. Among them, CO, 51 
which is toxic and recalcitrant to the environment, accounts for 50 to 70% of the effluent gas from 52 
steel factories. Hence, appropriate treatment technology is anticipated. Recently, Im et al. (2018) 53 
reported that the bioelectrochemical system (BES) could compensate for the limitation of natural 54 
biological CO conversion, and enhance the production of volatile fatty acids [3]. The applied 55 
potential to the BES supplies reducing power for autotrophic microorganisms and improves the 56 
yield of C1 gas conversion and cell growth [4-8].  57 

58 
The metabolites produced from BES-based C1 fermentation may contain not only acetate, but 59 

also various volatile fatty acids (VFAs) and alcohols. Therefore, additional separation processes are 60 
needed to isolate and/or concentrate acetate. In a conventional study, the separation of ionic 61 
metabolites was carried out using methods, such as acidification, ion-exchange, crystallization, and 62 
adsorption. On the other hand, these studies may need to be moderated with the recent trends of 63 
environmentally and economically sustainable research and development [9, 10]. For example, in the 64 
case of acidification or ion exchange, considerable amounts of acid and alkali are consumed during 65 
the operation, which is problematic. Regarding crystallization or adsorption, additional purification 66 
and chemical waste discharge have been a concern.  67 

68 
Electrodialysis (ED) is a technology to separate and enrich the target substances by transferring 69 

the ionic forms through a selectively transmissible ion exchange membrane under an 70 
electrochemically induced oxidation/reduction reaction [9]. The separation of fermentation 71 
metabolites by electrodialysis was proposed to prevent the inhibition of lactic acid [11]. H+ / OH- can 72 
be supplied continuously by electrochemical control in electrodialysis, and it can separate various 73 
metabolites from the fermentation broth without the need for additional chemical reagents, such as 74 
salts. Moreover, it is capable of separating and concentrating high purity substances efficiently 75 
compared to other methods, enabling applications in a wide range of industrial processes, including 76 
food and biofuels productions [12, 13]. In particular, there are many applications of electrodialysis in 77 
bioelectrochemical systems [14-16]. For example, ethyl acetate was produced through biphasic 78 
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esterification; acetic acid was separated from the fermentation broth by electrodialysis [17]. In 79 
addition, acetic acid was produced from carbon dioxide in a three-chamber MFC system. As a result, 80 
13.5g L-1 of acetate was separated by electrodialysis over a 43 day period [18]. In this C1 gas 81 
fermentation, the external electrical energy provided the reducing power to convert the CO2 to 82 
acetate.  83 

84 
The system configuration of BES and electrodialysis have some similarity in terms of using an 85 

ion exchange membrane (or separator) and electrical input (or output) to (or from) the reactor. Thus, 86 
electrodialysis allows direct production and isolation of the target metabolites from C1 gas 87 
fermentation. On the other hand, the most important and problematic issue of separation by 88 
electrodialysis has been indicated as membrane fouling [19]. In the sludge, wastewater or 89 
fermentation broth, there are not only secondary metabolic products, but also unused growth media 90 
components and large number of cells [20]. These undesirable substances or microbial cells attach to 91 
the surface of the membrane and/or block the functional group of the ion exchange membrane 92 
during the electrodialysis process, eventually resulting in a decrease in separation efficiency [21]. To 93 
solve these problems, pretreating the fermentation broth before introduction to electrodialysis or 94 
various modification methods of the ion exchange membrane have been suggested [20, 22, 23].  95 

96 
This study examined the operational parameters in electrodialysis to separate acetate, which is 97 

applicable to C1 gas fermentation (Figure 1). The optimal conditions in the model solution were 98 
investigated and applied to the fermentation broth. The efficiency and flux of acetate separation 99 
were compared in both the actual fermentation broth and synthetic media. The aim of this study was 100 
to examine the potential of combination of electrodialysis with BES-based C1 gas fermentation.  101 

102 

2. Materials and Methods103 

2-1. Electrodialysis reactor configuration104 

The reactor used in this experiment consisted of an acrylic anode and cathode chamber; each chamber 105 
had a working volume of 73.5 ml (7 × 7 × 1.5 cm3) (See Figure S1). Both electrodes were carbon paper 106 
(surface area of 42.25 cm2, 120 - TGP-H-120, Toray, Japan) and a carbon fiber (20 cm) connecting the carbon 107 
paper to the electrode. An anion exchange membrane (49 cm2, FKB-PK-130, Fumasep, Germany) was used as 108 
the ion exchange membrane for the cell, and it was rinsed with a 0.5 M NaCl solution for 24 hours prior to use. 109 
A potentiostat (WMPG1000, WonA Tech, Korea) in galvanostatic mode was used to apply a current to the 110 
reactor.   111 

112 

2-2. Composition of electrolyte113 

Two types of catholytes were used to examine acetate transportation across the ion exchange 114 
membrane: synthetic medium and fermentation broth. The synthetic broth contained CO/CO2 115 
fermentation medium, which was composed of the following (g L-1): 1.5g KH2PO4, 2.9g K2HPO4, 2.0g 116 
NaHCO3, 0.5g NH4Cl, 0.09g MgCl·6H2O, 0.0225g CaCl2·2H2O, and 0.5g yeast extract. Sodium acetate 117 
(20mM to 100mM for each reaction condition) was added to the catholyte to examine transportation 118 
through the membrane. The fermentation broth consisted of the same substances with the synthetic 119 
medium but additionally added 2.11g of sodium-2 bromoethanesulfonate, 2ml of Pfennig’s trace 120 
element solution, and 5ml of a vitamin solution [3]. The pH was adjusted to 6.0 with 1M H2SO4 and 121 
1M NaOH. In some experiments, centrifugation was conducted at 7500 RPM and 15 min to remove 122 
the cell and precipitates produced from former fermentation. To prevent acetate consumption due to 123 
contamination, streptomycin (20ug/ml) was added as an antibiotic. The anode electrolyte consisted 124 
of the following ingredients (g L-1); 0.8g K2HPO4, 1.0g NH4Cl, 2.0g KCl, 0.15g CaCl2·2H2O, 2.4g 125 
MgCl·6H2O, 4.8g NaCl, 10.08g NaHCO3[18]. 126 
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127 

2-3. Reactor operation128 

The cathode and anode electrodes were set as the working and counter electrodes, respectively. 129 
The current applied to the cathode ranged from 0 to -15mA using a galvanostatic method. The 130 
electrodialysis cells were located in the incubator at 25 ± 1℃ and gently shaken at 30 rpm.  131 

132 

2-4. Analyses133 

A liquid sample (< 300 μl) was taken from each chamber periodically. The liquid samples were 134 
filtered through a 0.2μm syringe filter, acidified by HCl to prevent acetate volatilization, and stored 135 
in a freezer at -80 ℃. The samples were analyzed by gas chromatography (GC, 7890B, Agilent 136 
Technologies, USA) and high performance liquid chromatography (HPLC, HP 1100 series, Agilent 137 
Technologies, USA). The initial and final pH were measured using a pH meter (Orion 420A+, Thermo Orion, 138 

USA). The current efficiency (ηA)was estimated using the following equation: 139 

𝜂𝐴 = 
∆𝑁𝐴

𝑖𝐴∆𝑡/𝐹
 (1) 140 

141 
where ΔNA is the change in the molarity of acetate; i is the current density; A is the membrane 142 

area; F is the faraday constant (96485 C mol-1 = 26.8 Ah mol-1); and Δt is the interval of time [24].  143 
144 

The flux (JA) of acetate from the cathode to anode chamber was calculated using the following 145 
equation: 146 

147 

𝐽𝐴 = 
∆𝑚𝐴

𝐴∆𝑡
  (2) 148 

149 
where ΔmA is the amount of acetate transported from the cathode to the anode chamber; A is the 150 

membrane area; and Δt is the interval of time.  151 

152 

3. Results and Discussion153 

3.1 Different applied current on acetate transportation in BES 154 
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Acetate transport across the ion exchange membrane is affected by the applied potential and 155 
current in microbial fuel cells [9, 18, 25, 26]. Therefore, the changes in acetate concentration in both 156 
the anode and cathode chambers were examined while various currents (-5 to -15 mA) were applied 157 
to the cell (Figure 2). In the absence of an applied current, the final acetate concentration of 9.17mM 158 
was transported to the anode chamber during 16 hours of operation, indicating that acetate diffused 159 
to the anode by the concentration gradient. On the other hand, acetate transport was increased to 160 
12.55 mM when a current was applied across the electrodes (-5 mA). Under -15 mA application, 161 
24.98 mM of acetate was transported to the anode chamber. An externally applied current can move 162 
acetate anions against the concentration gradient between the anode and cathode chambers (Figure 2 163 
B, C & D) over 16 hours, whereas the acetate only diffuses naturally in the absence of an applied 164 
current (Figure 2 A). 165 

The amount of acetate transportation increased with increasing current in BES. On the other 166 
hand, the estimated current efficiency on the applied potential decreased at a higher current (Figure 167 
6A). The current efficiency estimated by equation (1) was higher (54.4 ± 0.2%) under a lower applied 168 
current (-5mA), and it decreased at a higher current (36.1 ± 1.2% at -15 mA). (Table 1, Figure 6A). 169 
On the other hand the acetate flux across the membrane was 23.9 ± 0.8 mmol/m2∙hr at -15mA, 170 
whereas it decreased at a lower applied current (8.8 ± 0.4 mmol/m2∙hr at -5 mA) (Table 1). The 171 
driving force for acetate anion transportation by electrodialysis is lost under a higher current in 172 
electrodialysis. These results are consistent with the previous observation that the selectivity for ions 173 
at a low current density was higher than that at a high current density [27]. At a high current density, 174 
the current efficiency is reduced because the driving force is dispersed by the movement of other 175 
ions in addition to the target acetate.  176 

177 

Figure 2. Acetate transfer from the cathode to the anode chamber under different current conditions. 178 

Without current application (A,E); -5mA (B,F); -10mA (C,D); -15mA (D,H) which operated for 16hr. 179 

180 

181 

Table 1. Entire migration amount of acetate in the cathode chamber, total applied current, current 182 

efficiency and acetate flux. 183 
Conditions Acetate migration from 

the cathode (mM) 
Total applied 

current 
(C) 

Current efficiency 
(%) 

Acetate flux 
(mmol/m2·hr)

Applied current 0mA 14.7±4.9 - - 8.8±0.4 

-5mA 18.8±5.2 288.0 54.4±0.2 12.0±0.0 
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-10mA 24.4±7.9 576.0 40.4±0.6 17.8±0.3 

-15mA 28.5±3.6 864.0 36.1±1.2 23.9±0.8 

Acetate concentration 

20mM 16.3±2.1 

864.0 

23.8±0.6 15.8±0.4 

40mM 30.1±4.5 40.2±1.2 26.6±0.8 

80mM 44.2±9.3 63.1±2.6 41.8±1.7 

100mM 55.9±11.3 73.4±4.6 48.6±3.0 

pH test 
2.0 31.2±3.1 

864.0 

43.4±2.8 28.2±1.8 

4.0 30.6±6.3 42.8±3.4 28.4±2.2 

6.0 28.9±3.9 40.1±4.1 26.6±2.7 

Catholyte composition 

synthetic 25.3±0.9 

864.0 

34.5±1.2 22.9±0.8 

fermented w/ 
centrifuge 

11.4±1.2 22.5±1.5 14.9±1.0 

fermented w/o 
centrifuge 

11.1±0.3 18.6±0.7 12.3±0.4 

184 

3.2 Effect of different acetate concentration 185 

The effects of the acetate concentration on electrodialysis were investigated at an applied 186 
current of -15 mA (Figure 3). The initial acetate concentration was varied from 20 to 100 mM. The 187 
acetate flux was estimated to be 48.6 ± 3.0 mmol/m2∙hr at an initial acetate concentration of 100mM, 188 
whereas it proportionally decreased to 15.8 ± 0.4 mmol/m2∙hr with an initial acetate concentration of 189 
20 mM (Figure 3 and Table 1). At the highest acetate concentration (100 mM), the current efficiency 190 
(73.4%) was much higher than that of the lower concentration (20 mM vs. 23.8%) (Figure 6). These 191 
results suggest that higher efficiency of acetate separation can be obtained at a higher acetate 192 
concentration. When no current was applied to the cell, separation was carried out by diffusion 193 
depending on the acetate concentration. This indicates that diffusion plays an important role in the 194 
transport of acetate as well as the applied current [25]. Accordingly, the maximum acetate 195 
concentration is required for the optimal process efficiency, even though the performance of 196 
electrodialysis is related to the reactor configuration as well. Im et al. examined the fermentation of 197 
acetate production from CO by electrosynthesis, and revealed the productivity of acetate at a 198 
maximum of 8.4 g L-1 in a BES [3]. Therefore, electrodialysis-driven acetate separation around the 199 
maximum was examined in the electrodialysis cell. The separation of acetate at this point is expected 200 
to increase both the growth of microorganisms and the acetate productivity from CO conversion. 201 
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202 

Figure 3. Acetate concentration changes by electrodialysis when the initial acetate concentrations in the 203 
cathode chamber were varied from 20 mM (A,E), 40mM (B,F), 80mM (C,G), 100 mM (D,H). 204 

205 

3.3 Effect of different initial anodic pH 206 

The pH of the anode chamber can also be an important factor for the efficient separation of 207 
acetate. The pKa of acetate is 4.76. Hence, acetate exists mainly as an ionized form in the catholyte in 208 
the cathode chamber (~ pH 6.0), which is provided from the former CO fermentation reactor. To 209 
examine the effects of the anodic pH in electrodialysis, the anodic pH was adjusted from 2.0 to 6.0 210 
while the cathodic pH was fixed to 6.0 because the pH from the effluent from the former C1 gas 211 
fermentation is approximately 6.0. As shown in Figure 4, the pH effect on acetate separation was 212 
negligible, and the current efficiencies were estimated to be approximately 40-43% under these pH 213 
conditions (Table 1). In electrodialysis cells, the following oxidation and reduction reactions take 214 
place in the anode (3) and cathode chamber (4); 215 

H2O→2H+ + 1/2O2 + 2e-  (3) 216 

2e- + 2H2O→2OH- + H2    (4) 217 

The H+ produced by reaction (3) lowers the pH in the anode chamber continuously, which 218 
eventually approaches pH 2.0, even if the initial pH of the anode chamber started from a  higher 219 
than pH 2.0. The final pH of the anode chamber in the tested reactors was pH 1.9 to 2.0, which were 220 
converted from a varied initial pH 2.0 to 6.0. These results suggest that proton transport from the 221 
anode to the cathode in the reverse direction of acetate anion species separation, is limited by the ion 222 
exchange membrane [28].  223 
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224 

Figure 4. Changes in the acetate concentration by electrodialysis when the initial pH of the anode was 225 
varied. Initial anode pH 2.0 (A, D); pH 4.0 (B, E); pH 6.0(C, F). 226 

227 

3.4 Acetate separation from the actual fermentation broth 228 

The combination of acetate fermentation followed by electrodialysis-based acetate separation, 229 
has been highlighted for biological C1 gas conversion. Based on the results of the above experiments, 230 
synthetic media and fermentation broth containing acetate were compared for the separation of 231 
acetate in an electrodialysis cell. First, the cell and precipitate in the former fermentation broth were 232 
removed by centrifugation to exclude the effects of particulates in the broth. The final acetate 233 
concentrations with the fermentation and synthetic broth were 15.6 mM and 23.9 mM, respectively 234 
(Figure 5). The results show that approximately 20 % less acetate in the fermentation broth (i.e. 235 
effluent from the former electrosynthesis process) is transported to the anode chamber than the 236 
synthetic solution, even when the particulates were removed by centrifugation (Figure 5B). Similar 237 
but slightly lower acetate separation was obtained using a non-centrifuged fermentation broth (13.30 238 
mM) during the 16 hours of operation (Figure 5C). The other metabolites from C1 gas fermentation 239 
in BES, such as butyrate, propionate and iso-butyrate [3], hinders acetate separation significantly. As 240 
observed in the GC analysis results, unlike the synthetic medium, the fermentation broth contains 241 
various volatile fatty acids as well as acetate (Figure S2 C & D). Among these metabolites, the longer 242 
chain VFA, such as propionate, may pass through the membrane competitively with acetate, which 243 
might reduce the rate and efficiency of acetate separation. The GC results also clearly show that 244 
propionate has passed through the anion exchange membrane used in this study (Figure S2 A & B). 245 
The competitive flux of these other anions are considered to be the cause of the relatively low current 246 
efficiency for acetate separation [17]. Because the former C1 gas fermentation process was usually 247 
inoculated with inoculum, including sludge and isolated microorganisms, it contains a variety of 248 
particulates, colloidal and dissolved fractions, all of which may act as inhibitors and potential 249 
foulants. Microorganisms and soluble substances potentially cause membrane fouling, which 250 
decreases the electrodialysis performance [21, 29, 30]. Ghasemi et al. reported that the 251 
microorganisms attached to the membrane surface and the biofilm formation are major factors to 252 
reduce the separation efficiency in the electrodialysis cell [19]. After the operation of the 253 
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electrodialysis cell with a non-centrifuged fermentation broth, contamination by unknown 254 
substances was observed on the cathodic electrode, which was different from the synthetic medium 255 
and centrifuged fermentation broth (Figure S3 D-F). These contaminant on the electrode and 256 
membrane may lower the current efficiency of acetate separation from the non-centrifuged 257 
fermentation broth in the electrodialysis cell.  258 

259 

Figure 5. Comparison of acetate transportation in an electrodialysis cell with synthetic media containing 260 
acetate (A, D), and centrifuged C1 gas fermentation broth (B, E) and non-centrifuged C1 gas 261 
fermentation broth (C, F). 262 

263 

264 
Figure 6. Estimated current efficiency on different parameters tested. (A) Current efficiency of different 265 
currents from -5 mA to -20 mA, (B) Effect of the initial acetate concentration, (C) Effect of different 266 
initial anodic pH, (D) Effect of different catholytes with synthetic media (a), centrifuged fermentation 267 
broth (b) and non-centrifuged fermentation broth (c).  268 
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Many research groups have attempted to separate acetate from a range of wastewater or 271 
microbial fermentation broth [31, 32]. Recently, C1 gas fermentation has been studied extensively 272 
due to the requirement of greenhouse gas abatement and the search for cost-effective feedstock for 273 
refinery. Acetate is one of the main metabolites from C1 gas fermentation and is a useful 274 
intermediate chemical for further biosynthesis. The electrosynthesis of C1 gas using a 275 
bioelectrochemical system has been highlighted to facilitate microbial C1 gas conversion [3, 4, 33-36]. 276 
In this respect, the combination of a bioelectrochemical system and electrodialysis can provide an 277 
appropriate platform for the in-situ processing and separation of acetate. Through these experiments, 278 
it was confirmed that a maximum acetate flux of 48.6 ± 3.0 mmol/m2·hr can be achieved using the 279 
model solution. When the C1 fermentation broth was applied, the flux was 14.9 ± 1.0 mmol/m2·hr, 280 
which was approximately half that of the model solution (22.9 ± 0.8 mmol/m2·hr) under the same 281 
conditions, probably due to the various substances and other longer chain VFAs in the fermentation 282 
broth. Therefore, there are still challenges that need to be overcome before this system can be applied 283 
to an actual industrial environment; several studies are underway to solve these problems. To solve 284 
the fouling of an ion-exchange membrane, some research groups have focused on modifying the 285 
membrane by a treatment with polymer compounds, such as poly(sodium 4-styrene sulfonate) 286 
(PSS)/poly(diallyldimethylammonium chloride) (PDADMAC)[30]. An ultra-low voltage customized 287 
DC-DC booster circuit [37] and a maximum power point tracking (MPPT) [38], may provide an288 
affordable voltage and current for self-sustained electrodialysis applications . Although further289 
studies will be needed in the future, these results may provide a basis for techniques to isolate290 
acetate from actual fermentation products based on bioelectrochemical systems.291 

292 
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Figure S1. Schematic diagram of the electrodialysis reactor used in this study and a photograph. 438 
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Figure S2. Comparison of propionate transfer through an anion exchange membrane. (A) Amount of 

propionate transferred to the anodic chamber, (B) applied current in the reactor for 16hr, (C) GC analysis 

results of fermentation broth, (D) GC analysis results of synthetic medium. 
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473 
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476 

Figure S3. Membrane and cathodic electrode surface after the completion of electrodialysis for acetate 

separation. membrane (A) and cathodic electrode (D) from the cell using synthetic broth meida, 

respectively. (B) and (E) from centrifuged fermentation broth, (C) and (F) from non-centrifuged 

fermentation broth. 
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