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Abstract
The effectiveness of electron and proton transport to anode and cathode is the key criteria in microbial fuel cell technology in 
order to improve the electricity generation. An innovative linked anode was designed to enhance the mass transfer of protons 
and electrons in the scaled-up up-flow membrane-less microbial fuel cell. The common cube anode was used to compare 
with the linked anode. The performance of voltage output for the cube anode and the linked anode was examined by various 
hydraulic retention times and the electrode spacing distances. The maximum power density of the linked anode was almost 
identical at all electrode spacing distances. Meanwhile, this result demonstrated that the configuration of linked anode has 
better directional fluid flow, mass transfer of protons and electrons, and voltage output (stationary phase) than those of the 
cube anode at all hydraulic retention times. The finding could suggest that the different configuration of bioanode in an up-
flow membrane-less microbial fuel cell is an important factor to be considered for future real application.
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Introduction

Most of the present wastewater treatment plants are using 
conventional aerobic treatment system with oxygen sup-
ply (Vázquez et al. 2006; Adav et al. 2010; Kushwaha et al. 
2011). The energy consumption in the wastewater treat-
ment plant is generally contributed by aeration. Anaerobic 
treatment system without aeration is getting more popular 
for wastewater treatment due to less energy requirement. 
Hence, anaerobic treatment system is more cost-effective for 
high-strength wastewater. An alternative anaerobic treatment 
system with simultaneous electricity generation has gained 
more attentions from many researchers (Clauwaert et al. 

2007; Yoshizawa et al. 2014; Saratale et al. 2017). Microbial 
fuel cell (MFC) is one of the promising anaerobic treatment 
systems that have demonstrated its capability for simultane-
ous wastewater treatment and electricity generation. Waste-
water can be used as the sources of energy in MFC (Liu 
et al. 2004; Daniel et al. 2009). MFC generates electricity by 
using microorganism to oxidize the biodegradable organic 
substances in wastewater (Bennetto et al. 1983; Habermann 
and Pommer 1991; Min and Logan 2004). Higher concen-
tration of organic wastewater has higher chemical energy 
per unit volume. Therefore, higher concentration of organic 
wastewater is required in order to achieve higher electric-
ity production (Huang et al. 2011). Many researchers have 
proved that MFC can treat high concentration of COD (Pant 
et al. 2010; Liao et al. 2014; Sangeetha et al. 2016).

In recent years, the performance of MFCs has been 
improved gradually by various bioreactor designs and mate-
rials that are used for fabrication (Li et al. 2013; Fernando 
et al. 2014; Cui et al. 2014; Rahimnejad et al. 2015; Neoh 
et al. 2016). MFCs typically consist of biotic anode and 
abiotic cathode compartments with proton exchange mem-
brane (PEM) as separator between the two compartments. 
Anode chamber will undergo microbial oxidation reaction, 
and cathode will undergo oxygen reduction process. PEM 
is used to allow only proton transfer from anode to cathode 
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compartment and subsequently avoid the oxygen diffuse 
back to the anode compartment (Liu and Logan 2004; Gha-
semi et al. 2013). Oxygen supply for the reduction at cathode 
region may diffuse to anode region in a MFC without using 
membrane (Wang et al. 2013). Oxygen diffusion may affect 
the activity of anaerobic microorganism at anode region 
(Logan et al. 2005). Subsequently, the voltage output may 
reduce because of insufficient electrons and protons.

Despite PEM having several benefits to MFC, the cost of 
the PEM is relatively high. Besides, PEM that is used over a 
period will cause biofouling that may reduce the efficiency 
of proton transfer through the membrane (Ghasemi et al. 
2013). It is necessary to reduce the operating cost by elimi-
nate the maintenance of membrane. Hence, a scaled-up MFC 
without using membrane is drastically reducing the cost of 
fabrication. Besides, membrane-less MFC may reduce the 
internal resistance due to less complexity design, and thus, 
it is simpler for industrial scaled-up. Despite recent design 
efforts, reducing operating costs remains one of the impor-
tant factors for commercialization of scaled-up MFC. Most 
of the researchers reported in the past were using platinum 
as a catalyst in the cathode region. Therefore, the catalyst is 
necessary to reduce the fabrication cost of upscaled MFC. 
Recently, the use of biomass as a catalyst has been inves-
tigated as a low-cost alternative to platinum (Gajda et al. 
2014; Bajracharya et al. 2016). Moreover, Rossi et al. (2019) 
increased the cathode size with a low-cost multi-panel air 
cathode that contained fifteen smaller cathodes welded into 
a single metal sheet to improve the power output in a large-
scaled MFC.

One of the challenges in MFC is the effectiveness of elec-
tron transfer between microorganism and anode. It is used to 
define the potential of power output in MFC. Carbon-based 
electrodes are commonly utilized because of low cost and 
the high effectiveness of microbial attachment (Crittenden 
et al. 2006). The microbes attached on the surface of the car-
bon electrode will act as biocatalyst to improve the electron 
transfer efficiency. Meanwhile, mass transfer from anode to 
the cathode regions is an important factor to produce higher 
voltage output. There are several operating conditions, and 
configuration may affect the efficiency of mass transfer in 
MFC and includes volumetric flow rate, directional flow pat-
tern, operation mode, ohmic resistance and substrate con-
centration (Nasharudin et al. 2014; Pasupuleti et al. 2016).

Two scaled-up up-flow membrane-less MFCs that use 
aerobic microorganism as a catalyst at the cathode region 
were designed and investigated in this study. The design of 
this scaled-up membrane-less MFC introduces an up-flow 
water body from the bottom of MFC, improves the mass 
transfer of protons and substrates from anode to the cathode 
regions and reduces oxygen diffusion from cathode to the 
anode regions. This study mainly demonstrates the efficiency 
of electron and proton transfer by a different configuration 

of anode in up-flow membrane-less MFC. Mass transfer effi-
ciency was examined by using different hydraulic retention 
times (HRTs) and electrode spacing distances. The outcome 
of this study may be beneficial to the commercial application 
of membrane-less MFC in the wastewater treatment plant in 
the future.

The research was carried out between January and July 
2017, at the Water Research Group (WAREG), School of 
Environmental Engineering, University Malaysia Perlis, 
Malaysia.

Materials and methods

Inoculum and substrates

Synthetic wastewater was used as fuel for this study. The 
composition of synthetic wastewater consists of sodium 
acetate (3.138 g/L) as the main organic matter, nutrient and 
buffer solution (pH 6.55) which contains: NH4Cl (0.31 g/L), 
KCl (0.13  g/L), K2HPO4 (3.4  g/L), KH2PO4 (4.4  g/L), 
MgCl2·6H2O (0.1 g/L), CaCl2·6H2O (0.1 g/L) and NaCl 
(0.116 g/L). Packing material and anode electrode were 
immersed in mixed culture activated sludge about one month 
for anaerobic bacteria cultivation. The activated sludge was 
obtained from a wastewater treatment plant of a rubber glove 
industry, Shorubber (Malaysia) Sdn. Bhd.

Fabrication of SUFML MFC reactor and operation

Two single-chamber scaled-up up-flow membrane-less 
microbial fuel cells (SUFML MFCs) were developed by 
using acrylic column (Fig. 1). The column of SUFML MFC 
has a diameter of 18 cm and height of 50 cm. The SUFML 
MFC was divided into a total of five sections. A total of 
three sections from the bottom of the reactor were anode 
region with three anode electrodes (A1, A2 and A3) at dif-
ferent distances (36, 27 and 18 cm) to the cathode region. 
The top section at the SUFML MFC was the cathode region. 
Another section was a junction region between the anode 
and cathode regions. The total void volume of the reactor 
was 6.9 L. Anode region and junction region were filled with 
biopacking material (1 cm diameter) for biofilm develop-
ment. Aeration was supplied at the cathode region for the 
oxygen reduction process. A total of five sampling points 
(S1, S2, S3, S4 and effluent) were built in every section of 
the SUFML MFC. Carbon felt (SG-222, Maido Corporation, 
Japan) and carbon plate were used as anode and cathode 
electrode, respectively. Figure 2 illustrates the size of the 
two different configurations of anode (cube carbon felt and 
linked carbon felt) at the same total surface area, 328 cm2. 
The dimension of cathode carbon plate was 10 cm × 10 cm 
(L × W).
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The SUFML MFC was operated in a semi-continuous 
mode with a peristaltic pump (BT100—100 M, Longer Pre-
cision Pump, China) at various flow rates of 2.396, 4.792 
and 7.152 ml/min. A tank was placed on magnetic stirrer 
and connected to the influent and effluent. This allows the 
continuous recirculation flow of synthetic wastewater from 
the bottom anode region to the upper cathode region. The 
anode and cathode electrodes were connected with copper 
wire through 1000 Ω resistor. The SUFML MFCs were oper-
ated in the room temperature (28 °C).

Analytical methods

The voltage output was measured and recorded continu-
ously at every hour by using a data logger (Graphtec 
GL820, USA). The polarization curve was obtained by 
using various resistors (50–20,000 Ω). All water samples 
that were collected from the anode region and cathode 
region were centrifuged (Cence L500, China) at 4200 rpm 

for 10 min before analysis. Spectrophotometer (DR 2800, 
Hach) was used to measure the chemical oxygen demand 
(COD) concentration. Dissolved oxygen (DO) was meas-
ured by using DO meter (HANNA HI 9146, USA). Ohm’s 
law (V = IR) was used for current (I) calculation where 
V and R represent the voltage and resistance, respec-
tively. Current density (A/m2) and power density (W/
m2) were calculated by the geometrical surface area of 
anode electrode. The Columbic efficiency (CE) was cal-
culated by dividing the integrated total amount of experi-
mental Coulombs of theoretical Coulombs transferred. 
CE = M ∫ Idt(FbvΔCOD)

−1 where M is the molecular 
weight of substrate, I is the stable current, F is the Fara-
day’s constant (96,485 C/mol), b is the number of moles 
of electrons produced per mol of substrate, v is the volume 
liquid at anode and ∆COD is the difference in the influ-
ent and effluent COD (Liu and Logan 2004; Logan et al. 
2006).

Fig. 1   Schematic diagram of 
semi-continuous flow SUFML 
MFC
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Fig. 2   Configuration of bio-
anode: a cube anode, b linked 
anode
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Results and discussion

Characteristics of scaled‑up up‑flow membrane‑less 
MFC

A total of two SUFML MFCs were fabricated for this study 
(Fig. 1). These SUFML MFCs were configured with two 
different types of anode design, whereas cube anode and 
linked anode are shown in Fig. 2. Both anode configurations 
have the same total surface area but different in rigid vol-
ume. The synthetic wastewater was fed into SUFML MFC 
by using semi-continuous mode. The conductivity of the 
synthetic wastewater is important to provide stable operat-
ing condition for MFC (Feng et al. 2008). The conductivity 
of anode and cathode for both reactors was ranging from 
11.92 to 12.50 mS/cm. DO in the cathode region was around 
4.3 mgO2/L, whereas DO for anode region A1, A2 and A3 
was 0, 0 and 0.62 mgO2/L, respectively. The supplied aera-
tion was maintained with flow meter at 40 L/h.

Effect of an anode configuration on MFC 
performance at different HRTs

COD performance

In order to study the effect of anode configuration (cube 
anode and linked anode) on voltage output and COD reduc-
tion, the SUFML MFCs were operated under semi-continu-
ously at three different HRTs (2, 1 and 0.67 d), correspond-
ing to flow rates of 2.396, 4.792 and 7.152 ml/min. The 
COD concentration of the influent tank, anode region and 

cathode region at different HRTs for cube anode and linked 
anode is shown in Fig. 3. The initial COD concentration 
of the influent tank was 1968 ± 66 mg/L. The total COD 
reduction at three different HRTs for cube anode and linked 
anode was almost similar. The percentage of COD reduction 
was varied between 88 and 97%. This could be explained 
by the identical reactor configuration and total cross-sec-
tional area of two different anode configurations, which 
provide a homogeneous environment for microbial growth. 
The linked anode configuration (Fig. 2b) in this study was 
designed to have a larger active region (258 cm2) than that 
of cube anode (208 cm2), but the result shows that the larger 
active region did not directly benefit to the COD reduction. 
(Area of the most active region is expected to have high 
microbial activity.) Rossi et al. (2019) reported that the 
presence of a higher number of anodes did not benefit the 
COD removal, although the number of anodes did impact 
the amount of COD converted to electricity. Moreover, the 
COD concentration at anode (cube and linked) and cathode 
(cube and linked) regions was remained fluctuate in 9 days 
between 36–347 and 66–333 mg/L, accordingly.

The COD performance at anode (cube and linked) and 
cathode (cube and linked) did not show a distinctive trend 
with HRT, but the COD performance at influent tank was 
distinguishable. The COD performance at low HRT 0.67 
was better than high HRT 1.0 and HRT 2.0. The COD 
performance of the influent tank at HRT 2.0 took 5 days 
for reduction, while HRT 1.0 and HRT 0.67 were only 
used 4 and 3 days, respectively (Fig. 3). The COD perfor-
mance order was as follows: HRT 0.67 > HRT 1.0 > HRT 
2.0. This can be explained by the anaerobic microorgan-
isms in the SUFML MFC are sufficient to degrade organic 
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substrate in higher COD concentration. Result demostrated 
that the SUFML MFC has great potential in high concentra-
tion COD reduction even at low HRT 0.67.

Voltage output level

The voltage output of cube anode and linked anode oper-
ated in 216 h at different HRTs is shown in Fig. 4. The 
configuration of linked anode is expected to have bet-
ter mass transfer from anode region to cathode region 
(Fig. 2b), greater directional fluid flow and higher area 
of most active region to enhance the voltage generation. 
However, the maximum voltage output of linked anode 
was comparable to cube anode in all three different HRTs, 
but the overall voltage output of linked anode was still 
better than cube anode. The voltage output of cube anode 
and linked anode at HRT 2.0 during the stationary phase 
was able to sustain about 122 h and maximum voltage out-
put at 727 ± 42 and 734 ± 54 mV, respectively. However, 
the sustainability of voltage output for cube anode and 
linked anode at HRT 1.0 was reduced to 73 h, whereas the 
maximum voltage output for cube anode and linked anode 
remained around 721 ± 92 and 719 ± 84 mV, correspond-
ingly. The maximum voltage output at HRT 0.67 was fur-
ther deteriorated for cube anode (613 ± 85 mV) and linked 
anode (640 ± 91 mV), and the sustainability of voltage 
output was reduced to 56 h. Lower HRT usually deliv-
ers better in mass transfer, and lower internal resistance 
results in better voltage output. However, these results 
showed that high HRT can generate more sustainable 
voltage output (Fig. 4). This phenomenon could be mer-
ited by the total amount of electrons used for electricity 

generation. High HRT with a low flow rate in the reactor 
could provide better contact time, which benefits anode 
to obtain the electrons from substrate degradation and 
consequently generated more sustainable voltage output 
(Li et al. 2013; Sharma and Li 2010). In contrast, a fast 
flow rate with low HRT may cause unfavorable electron 
transfer to anode for electricity generation. Although the 
voltage output at the stationary phase of linked anode is 
better than cube anode, the total voltage output of cube 
anode for 216 h was greater than linked anode. The volt-
age output of cube anode during the decline phase was 
higher than linked anode in all different HRTs. This could 
be because the rigid volume of one-piece cube carbon felt 
anode (240 cm3) is larger than linked carbon felt anode 
(140 cm3), which retained more electrons in the carbon 
felt. The deterioration in voltage output during decline 
phase may be due to the insufficient electrons and protons 
supplied over the time.

The total charge number generated in 216 h by cube 
anode and linked anode at HRT 2.0 was 476.75 and 
393.92 C, respectively. The charge number was dimin-
ished at HRT 1.0, 363.79 C for cube anode and 291.75 C 
for linked anode. The charge number produced by cube 
anode (280.83 C) and linked anode (203.23 C) further 
deteriorated at HRT 0.67. These results showed that the 
cube anode was clearly outstanding in the overall electric-
ity generation, as well as the CE. The CE was calculated 
based on the COD reduction. As the total COD reduc-
tion for both cube anode and linked anode was identi-
cal, the overall CE of cube anode was greater than linked 
anode. Besides, the overall CE in HRT 2.0 was better than 
HRT 1 and HRT 0.67 (Fig. 4). This phenomenon could 
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be described that the other microorganisms in SUFML 
MFC may be accounted for more organic carbon oxida-
tion rather than electrochemical active microorganisms at 
low HRT, thus reducing electron recovery.

Effect of electrode spacing distance on power density 
and internal resistance at different HRTs

The plausible explanation for low voltage output is relatively 
high internal resistance, which may hamper the electron 
transfer by causing a significant decrease in voltage output 
due to ohmic loss (Logan et al. 2006; Rabaey and Verstraete 
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2005). The internal resistance can be obtained from polariza-
tion curve, where the internal resistance is equal to external 
resistance at maximum power output (Fan et al. 2008; Feng 
et al. 2014). Cube anode and linked anode were configured 
to study the mass transfer efficiency, while linked anode has 
better directional fluid flow than that of cube anode (Fig. 2). 
Linked anode was designed to improve the mass transfer of 
electrons and protons from anode region to cathode region, 
and subsequently reduce the internal resistance to improve the 
power output. The SUFML MFC was designed with total three 
anodes at different electrode spacing distances, which poten-
tially reduce the mass transfer efficiency from anode to cathode 
regions. The electrode spacing distances between cathode and 
anode A1, A2 and A3 were 36, 27 and 18 cm, respectively. 
Figure 5 shows that the linked anode has better mass transfer 
efficiency from anode region to cathode region than that of 
cube anode. Based on the polarization curved of linked anode, 
the pattern of the curve was similar at any electrode spacing 
distance. The internal resistance and maximum power out-
put of linked anode were almost identical at any anode spac-
ing distance, while those of cube anode were not identical. 
The maximum power output of cube anode at HRT 2.0 was 
decreased as the electrode spacing distance reduced from 36 
to 18 cm. This could be described that the high HRT with low 
flow rate does not provide sufficient of electrons to the cube 
anode A3. Nevertheless, low HRT (1.0 and 0.67) with higher 
flow rate significantly improved the mass transfer of electrons 
and provided sufficient electrons to cube anode A2 and A3. As 
a result, the maximum power output of low HRT was almost 
identical at any anode spacing distance.

Figure 5 also shows that the maximum power density 
of cube anode and linked anode was affected significantly 
at different HRTs. Maximum power density of cube anode 
(A1 and A2) was increased when the HRT is high. How-
ever, the maximum power density of cube anode A3 was 
not significantly affected by HRT. This is because the 
cube anode configuration was unfavorable for mass trans-
fer. The maximum power density order for cube anode 
was as follows: HRT 2.0 > HRT 1.0 > HRT 0.67. As for 
linked anode, the maximum power density order was as 
follows: HRT 1.0 > HRT 2.0 > HRT 0.67. The results 
showed that linked anode has better overall power output 
potential than that of cube anode at any anode spacing 
distance. The maximum power density of any anode spac-
ing distance for linked anode was almost identical. This 
probably can be ascribable by the linked anode configura-
tion that has better directional fluid flow with great mass 
transfer of electrons and protons. However, cube anode A1 
has the highest maximum power density of 30.3 mW/m2 
at HRT 2.0, yet linked anode A2 has a maximum power 
density of 23.2 mW/m2 at HRT 1.0.

Conclusion

Linked anode generated better voltage output during the 
stationary phase at all different HRTs. Moreover, the maxi-
mum power density of every electrode spacing distance for 
linked anode was almost identical. Therefore, linked anode 
configuration has been successfully demonstrated as a lower 
internal resistance anode with better directional fluid flow 
and mass transfer efficiency than those of cube anode in 
SUFML MFC. These finding results suggest that the dif-
ferent configuration of bioanodes will potentially affect the 
MFC performance. It is an important factor for future real 
application in the wastewater treatment plant, especially in 
an up-flow membrane-less MFC.
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