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INTRODUCTION 
 

Driven by the increasingly serious energy shortages and the 
growing awareness of environmental protection, looking for 
new alternative energy has attracted a great deal of attention
A MFC is a newly developed device that 
waste waters by bio-electrochemical reactions
Power output by MFCs has increased considerably over the 
last decade due to several scientific and technical advances
(Prashant et al., 2016). In an MFC, microorganisms in the 
anode chamber degrade (oxidize) organic matter, producing 
electrons that travel through a series of respiratory enzymes in 
the cell and make energy for the cell in the form of adenosine 
triphosphate (ATP).  
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ABSTRACT 

Two single microbial fuel MFCs with different roughness (roughened and without roughened) were 
firstly constructed and the effect of the roughness on optimal power density was studied. It was found 
that the power density of MFC with roughened electrodes (50 mW•m
of MFC with unroughened electrodes, showing that roughness plays an important role in improving 
power density. Four series stack MFCs with roughened electrodes were then constru
improve power density and long-term performances of the MFCs were studied over 160 days. 
effect of K3Fe(CN)6, which added to catholyte, on power output of the MFCs
maximum power density output of 126.5 mW•m–2 was achieved at 62

 during the long term test. The optimal powers of the MFCs tend to become closer to each other 
after 160 days, which ranged from 52.0 mW•m–2 to 73.4 mW•m
power output was maintained during the period of 160 days. The output power densities of each MFC 
in the four series stack MFCs increased rapidly with increasing K
maximum power density output of 560 mW•m−2 was observed

Fe(CN)6 solution into cathode container. This value is 10.8 times of that without adding K
solution at the same conditions, showing that K3Fe(CN)6 solution has a significant effect on 
improving the MFC powers. This study provides a foundation for further
industrially relevant MFC for water treatment. 
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The electrons are then released to a terminal electron acceptor 
(TEA) which accepts the electrons and becomes reduced. For 
example, oxygen can be reduced to water through a catalyzed 
reaction of the electrons with protons. The electricity produced 
biochemically is sustained yet environmentally friendly
al., 2015). Comparing to the current technologies used for 
generating energy from organic matter, the MFC technology 
has important advantages: i) MFCs allow the direct conversion 
of substrate energy to electricity with high conversion 
efficiency. ii) MFCs operate efficiently 
and even at low temperatures, which distinguishes this 
technology from all current bio
not require gas treatment because the off
devices are enriched in carbon dioxide and normally have n
useful energy content (Hernández
MFC hold promise as a green technology for bioenergy 
production (Bruce, 2008). However, MFC is still in its infant 
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and the majority of work has been focused on its technical 
feasibility and fundamental characteristics. The greatest 
limitation of this technology is the low power density output 
and subsequent scaling-up (Hernández-Fernández et al., 2015). 
The power density output in MFCs have increased 5–6 orders 
of magnitude over the last decade as a result of the 
optimization of reactor configuration, the improvement of 
operational parameters, the selection of bacteria with greater 
electrochemical activity, and the application of novel electrode 
materials (Wang et al., 2014). In order to improve the 
performance of MFCs, many works have focused on electrode 
modification, such as ammonia treatment (Cheng, 2007), 
electrochemical treatment (Liang et al., 2017; Zhou et al., 
2012), metal oxide doping (Hou et al., 2016; Ravinder et al., 
2016), and polymer odification (Lai et al., 2011), etc. Anodic 
microbes degrade organic matters and release electrons to the 
surface of anode, therefore, the power output of MFC depends 
strongly on the electrode surface properties (Mirella et al., 
2010). In general, the output power of MFC increases with 
using higher surface area materials (Chaudhuri, 2003). 
Aelterman et al. (2008) proved the benefits of a three 
dimensional anode, by analyzing the electrochemical 
performance of two-chambered MFCs characterized by five 
different anodes. It was found that packing materials in the 
anode chamber can extend the superficial anode area and 
increase microbial enrichment on the anode surface, which 
leads to improvement of power density output of MFCs. 
Results showed that GAC-packed MFC showed the most 
stable voltage output (higher than 200 mV for 576 h) and 
lowest mass transfer resistance than GG-packed and non-
packed MFCs owing to the stronger adsorption ability (Guo et 
al., 2016). Improving the surface roughness, which is 
beneficial for microorganisms settlement and reaction between 
microbial and reactants, is an easy way to increase the surface 
area of electrodes. A three-electrode system was used to study 
the effect of anode surface roughness on the performance of 
microbial fuel cells (MFCs) (Zhou et al., 2012). They found 
that the current density generated by the rough electrode was 
much higher than that generated by the smooth one.  
 
Studies on optimize MFC configurations were carried out to 
improve power density output of MFCs (Oliveira et al., 2013). 
MFC units connected in series or in parallel are a promising 
strategy to achieve enhanced output of voltage and current for 
practical application of MFC technology (Zhuang et al., 2012; 
Oh, 2007; Ieropoulos, 2010; Ieropoulos et al., 2008). Several 
literatures have also tested the stacked MFCs to improve 
electric power that can be used for electrical devices (e.g., 
pumps, sensors) (An et al., 2016; Donovan et al., 2008; 
Ledezma et al., 2013). Dong et al. (2013) designed a single 
chamber membrane-less microbial fuel cell which simulated 
the colonic environment. It was used to provide bioenergy for 
implantable medical devices. However, the power generated 
by this novel continuous MFC (1.6 mW) was not sufficient to 
power devices with high energy requirement. Aelterman et al. 
(2013) obtained enhanced voltages (up to 2.02 V) and currents 
(up to 255 mA) by connecting six MFC stacks in series and in 
parallel, respectively. As mentioned above, one of the greatest 
limitations of this technology is the subsequent scaling-up. The 
scale of MFC system must be increased to meet the 
requirements for large-scale wastewater treatment and bio 
electricity production. To increase the dimension of an 
individual MFC unit is one approach for scale-up. However, 
connecting a large number of small-size units together rather 
than increasing the size of an individual unit would be more 

successful (Ieropoulos et al., 2008). A 10-liter serpentine-type 
microbial fuel cell (MFC) stack was constructed by extending 
40 tubular air cathode MFC units in a 3-D alignment pattern, 
which could produce an open circuit voltage of 23.0 V and a 
maximum power density of 4.1 W/m3 (at 0.7 A/m3) (Zhuang 
et al., 2012). In this study, the surfaces of electrodes were 
collided with sand particles. By this way, we obtained 
electrodes, whose surfaces were roughened. Two single 
microbial fuel MFCs with different roughness (roughened and 
without roughened) were firstly constructed and the effect of 
the roughness on optimal power density of the single MFC was 
studied. It was found that the MFC with roughened electrodes 
showed much higher optimal power density than that without 
roughened. Four series stack MFCs with roughened surface 
electrodes were constructed to further improve power density 
and long-term performances of the MFCs were studied over 
160 days. The coulombic and energy efficiencies were 
calculated. Since power production from MFCs can be limited 
by the overpotential of the oxygen reduction reaction (ORR) at 
the cathode (Ahn et al., 2014), measures are taken to improve 
the performance of cathode, one of which is to add Potassium 
ferricyanide (K3Fe(CN)6) to catholyte. The effect of 
K3Fe(CN)6 concentration in catholyte on the power output of 
the four series stack MFCs was also studied. The results from 
these comparisons may lay the foundation for further 
development of an industrially relevant MFC for water 
treatment. 
 

MATERIALS AND METHODS 
 

Measurement of Roughness 
 
The roughness of electrode plates is measured in Institute of 
Mechanical Engineering (University Clausthal of Technology, 
Germany),who uses the MarSurf GD 120 (Mahr Corporation, 
Germany) to measure the roughness. During the measurement, 
a test probe is contacted on the surface of electrode plate and 
the facility scans for a certain distance (for electrode plate 
without sand collision 12.5 mm and for electrode plate with 
sand collision 40.2 mm) with different scanning scales (for 
electrode plate without sand collision 2.5 mm and for electrode 
plate with sand collision 8 mm) to measure the arithmetic 
mean roughness and the average rough deepness of the two 
different electrode plates.  
 
Wastewater and COD substrate 
 
The main components of model wastewater used for the 
reaction of MFC: NaAc·3H2O = 0.21 g·L–1, glucose = 0.05 
g·L–1, ribose = 0.05 g·L–1, glycine = 0.16 g·L–1, (L-)Cystein = 
0.15 g·L–1, potassium hydrogen phalate = 0.09 g·L–1, NH4Cl = 
0.31 g·L–1, KCl = 0.13 g·L–1, NaHCO3 = 0.10 – 0.15 g·L–1, 
vitamine with heavy metal = 12.5 mL·L–1. All the components 
except Na2CO3 are mixed with deionized water. The mixture is 
than stirred by magnetic mixer. Na2CO3 is added to the mixture 
continuously in order to set the pH value to the range of 8.6 – 
8.8. The main components of COD substrate: NaAc·3H2O = 
44.32 g·L–1, glucose = 10.32 g·L–1, ribose = 9.38 g·L–1, glycine 
= 31.2 g·L–1, (L-) Cystein = 30.3 g·L–1.The COD substrate is 
used not only for the nutrient of microorganism, but also for 
additional reactant of anode in our experiments.  
 

Design of MFC 
 

The each MFC reactors in the stack used in this study were 
constructed of stainless steel, with anodic and cathodic plates 
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separated by a Nafion 117 membrane. Both anode and cathode 
were prepared by polymer carbon composite (approximately 
85% graphite in an olefinic polymer binder from Eisenhuth 
Corporation, Germany,) with channels acrossed on surface of 
the electrode (Fig. 1). The surfaces of which were collided 
with sand particles to increase their surface roughness (which 
denoted as roughened electrode). Each electrode has a 
dimension of 25 × 14 × 1 cm. The four individual MFCs with 
roughened electrodes were connected in series (Fig. 
denoted as MFC#1, MFC#2, MFC#3 and MFC#4, 
respectively. As can be seen from Fig. 2, the whole stack is 
connected with two glass containers of 2 L for anodic and 
cathodic reactants. The nutrition and wastewater are only put 
into the container at the anode of MFC#1, while the bubbling 
air flows into the container at cathode of MFC#4. The cathode 
water was enriched with air by bubbling air through the 
catholyte reservoir. Oxygen in the anode chamber would 
inhibit electricity generation. Therefore, the system must be 
designed to keep the bacteria separated from oxygen, which 
can be realized by using a membrane or separator. 
the separator should also be used for proton exchange. Nafion 
117, which mainly made of sulfonated tetrafluorethylen
polymer (PTFE), is used as proton exchange membrane 
between the anode and cathode. Nafion has several advantages 
in traditional H2/O2 fuel cells, such as its high stability against 
degradation. The waste water (using NaAc as additional 
nutrition for the microorganism) was feed through the cathode 
and the anode compartment by two pumps. 
 

 
Fig.1. Picture of electrode 

 
Measurement of COD values 
 
A standard method is used to determine the chemical oxygen 
demand (COD). During the measurement, 2 mL of sample 
from the anode water were taken to determine the COD by 
using a commercial COD analyzer, which is produced by 
Macherey-Nagel Corporation (Germany), type: Nanocolor 
UV/VIS. The COD values are measured under standard 
condition (298 K and 1 atm). Generating power is one of the 
main goals of MFC operation, therefore it is necessary to 
convert as much as possible of the biomass into curren
recover as much energy as possible from the system. 
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Fig. 2. Four individual MFCs connected in series (a) scheme of 
the MFC stack (b) photograph of the MFC stack

Coulombic and energy efficiency
 

Coulombic efficiency 
 

One of the most important parameters to evaluate the 
efficiency of MFC is coulombic efficiency, which is defined as 
follows,   
 

                    

 

Where η is the coulombic efficiency. According to Eq.(1), the 
coulombic efficiency η can be calculat
equation,  

 

                              

Energy efficiency 
 
The energy efficiency is based on energy recovered in the 
system compared to the energy content of the starting material. 
Therefore, it is defined as the following equation,  

 

                              

With ηE as the energy efficiency; E as cell
maximum voltage of MFC. In our experiments we set a current 
of 2.5 mA for the determination of this parameter, while the 
voltage of the MFC is 180 mV. The maximum potential of 
MFC can be calculated by the following equation,

 

                            

With ΔG (gibbs’ enthalpy). 
 

RESULTS AND DISCUSSION
 
Roughness for different electrode plates
 
Table 1 shows the arithmetic mean roughness (R
average rough deepness (Rz) of the two different electrode 
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plates (roughened and without roughened). It can be seen that 
the Ra of electrode plate with sand collision is 11.8 µm, which 
is more than two times of that of electrode plate without sand 
collision (4.9 µm). The similar phenomenon is also observed 
for the Rz.  
  

Table 1. Comparison of roughness between different electrode 
plate 

 

Electrode plates Ra/µm Rz/µm 

Electrode plate without roughened 4.9 39.34 
Electrode plate roughened 11.8 74.2 

 
Performance of single MFCs 
 
The polarization curves of the single MFCs with electrodes of 
different roughness are shown in Fig. 3. The data suggested 
that the optimal power density of the single MFC with 
roughened electrodes has reached 50 mW·m–2, while the 
optimal power density of MFC with unroughened was only 20 
mW·m–2, showing that roughness plays an important role in 
improving the power density of MFC. The main reason is that 
higher roughness is beneficial to development of 
microorganisms. According to Fig. 3 (b), the optimal power 
densities of MFCs with and without roughened electrode are 
reached 2 mA and 6 mA, respectively.  
 

 

 
 

Fig. 3. Polarization curves of the single MFCs with electrodes of 
different roughness (roughened and without roughened) 

 
Performance of roughed MFCs in series and its long term 
performance 
 
The four single MFCs with roughened electrode were 
connected in series to further improve power density. The 
polarization curves of the four series stack MFCs with are 
shown in Fig. 4. The data suggested that MFC#1 and MFC#4 

produce relatively higher power densities than MFC#2 and 
MFC#3.Theoretically, the optimal powers of these fuel cells 
should be equally high. The main reason for the different 
values of optimal power is probably because of the different 
development of microorganisms in the four cells, since 
metabolic activities play an important role. Another reason is 
that the reactants in wastewater and nutrition (NaAc) are not 
uniformly distributed. As it is shown in Fig. 2, two containers 
are put into use to support the chemical reactions inside the 
MFCs. However, the nutrition and wastewater are only put into 
the container at the anode of MFC#1, while the bubbling air 
flows into the container at cathode of MFC#4, results in to the 
result that is mentioned above. Fig. 4 also aggregates a series 
of voltage curves against current. The data suggested that the 
voltage descends with increase of current and it becomes zero 
at the end of the measurement because of the resistance of 
mass transport. It can be observed that the MFCs with higher 
power densities (MFC#1 and MFC#4) possess also a relatively 
higher voltage. 
 

 

 
 

Fig. 4. Polarization curves of the four series stack MFC with 
roughened electrodes 

 
Fig. 5 illustrates the long-term performance of the four series 
stack MFCs, which were continuously operated for 160 days. 
Within 12 days, the optimal power of each MFC increased 
with time. Then, the power densities fluctuated around a value. 
And the optimal power density of each MFC became different 
from each other gradually after 3 days. Despite of the different 
optimal power density, the similar tendency is observed for 
each MFC in the four series stack MFCs. Significant decrease 
in optimal power of MFCs is observed at the 42th and 102th 
days which is apparent that there not enough wastewater and 
nutrient to support the operation of microorganisms and MFCs.  
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Fig. 5. The long-term performance of the four series stack MFCs 

with roughened electrodes 
 
The optimal power decreased in the sequence: MFC#4> 
MFC#1>MFC#2>MFC#3. The best performance was achieved 
at 62 days. The optimal powers of each MFC at 62
day are shown in Table 2, which suggests that the optimal 
power of MFC#4 reached 126.5 mW·m–2 at 62
et al.(28) reported a maximum power density of 65.4 mW·m
and 97.2 mW·m–2 produced from forty series stack MFC sand 
forty series-parallel stack MFCs fed with brewery wastewater 
(between days 25 and 35), respectively. Our results 
that the electrical performance of the four series stack in the 
current study is comparable to the best stack documented thus 
far. At the end of the experiment (160th day), the MFC#4 in the 
four series stack produced a maximum power density of 70.05
mW·m–2, a decrease of 44.6% from the highest density 
obtained at 62th day (126.5 mW·m–2). However, for MFC#1 
and MFC#2, the decrease from the highest power density 
obtained at day 62th to the end of the experiment (160
were 16.6% and 21.7%, respectively. For MFC#3 produced the 
lowest power density among these four MFCs, the power 
density keeps more stable during the whole experiment. 
Zhuang et al. (2012) evaluated the long-term performance of 
their forty series stack MFCs. At the end of the experime
their stack produced a maximum power density of 25.5 
mW·m–2, a decrease of 60% from the highest density obtained 
at day 30 (65.4 mW·m–2). In summary, the optimal powers of 
the four MFCs tend to become closer to each other after 160 
days, which ranged from 52.0 mW·m–2 
showing a considerably stable power output during the period 
of 160 days. 
 

Table 2. Optimal powers of the four MFCs 
electrodes at 160th day 

 

MFC 
Maximum Power (mW) Maximum Power Density (mW·m

62th day 160th day 62th day 
MFC#1 
MFC#2 
MFC#3 
MFC#4 

1.60 
1.40 
0.92 
2.30 

1.34 
1.10 
0.95 
1.28 

88.0 
77.0 
50.6 
126.5 

 
Discussion of Coulombic and energy efficiency
 

NaAc are used as substrate for the MFCs in the experiment. 
Therefore, the chemical reaction is shown as follows,
 
CH3COO− + O2 HCO3

− + H+ 
 
The maximum potential of the whole system is 1.09 V.
(Annemiek et al., 2006) The average potentials of the each 
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the four MFCs tend to become closer to each other after 160 
 to 73.4mW·m–2, 

showing a considerably stable power output during the period 

with roughened 

Maximum Power Density (mW·m–2) 

160th day 
73.4 
60.4 
52.0 
70.1 

Discussion of Coulombic and energy efficiency 

are used as substrate for the MFCs in the experiment. 
Therefore, the chemical reaction is shown as follows, 

The maximum potential of the whole system is 1.09 V. 
The average potentials of the each 

MFC in the four series stack MFCs, which were obtained 
directly from LabVIEW system, are shown in Table 
which the average potential of the four MFCs is determined as 
223.2 mV.  
 

Table 3 Potentials of four series stack MFCs
 

MFCs Potential (mV) Average potential (mV)

MFC#1 238.2 
MFC#2 217.3 
MFC#3 201.5 
MFC#4 235.8 

 
The COD removal is needed for coulombic energy 
calculations. In order to calculate the COD difference (ΔCOD), 
both the start and end samples were detected. The results of 
change in COD (ΔCOD) values for the four series stack MFCs 
are shown in Table 4.  
 

Table 4. COD values of the start and end samples for the four 
series stack MFCs with 

Day 
COD (mg·L-1) 

Start sample End sample
159th 2888 2836
160th 3665 3565

 
The COD value measurement at 159
an example for energy efficiency calculation. The 
measurement interval and ΔCOD are 19.2 h and 52 mg·L
respectively. According to Eq.(2), the coulombic efficiency of 
the four MFCs is calculated as 26.8%, which corresponds the 
theoretical value in the range of 12 
Aelterman et al. (Aelterman
coulombic efficiency of 12.4%
in series, which is lower than 26.8%. Appling the Eq.(3)
the energy efficiency is calculated to be 5.47%.
have obtained a value range of coulombic efficiency, which 
lies in the range of 2 – 50%, which means that the result 
corresponds to the theoretical value. 
  
Performance of MFCs with K
 
Since power production from MFCs can be limited by the 
overpotential of the oxygen reduction reaction (ORR) at the 
cathode (Ahn et al., 2014), measures are taken to improve the 
performance of cathode. One of the methods is to add cathodic 
fuel to the catholyte. In this experiments, K
with different concentrations (50 mM, 100 mM and 200 mM) 
were prepared. And the pH values of which are set to 7 by 
sodium carbonate. During the experiments, the K
solution was injected into the cathode container. The obtained 
results are shown in Fig. 6. It can be seen from Fig. 
output power density of the MFCs without adding K
solution were around 52 − 73 mW·m
K3Fe(CN)6 concentration to 100 mM, the output power 
densities increased slowly at initially, then increased rapidly. 
However, with further increasing K
from 100 mM to 200 mM the increase became slow. Choi
al. (2006) have measured cyclic voltammogr
and Fe(CN)6

3− in pH = 7 phosphate buffer at a carbon 
electrode. Results show that reduction of Fe
diffusion controlled. Fe (CN)
Fe(CN)6

4−, indicates that this species is an ideal cathodic fuel. 
Bruce et al. (2004) also reported that the internal resistance 
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MFC in the four series stack MFCs, which were obtained 
directly from LabVIEW system, are shown in Table 3, from 
which the average potential of the four MFCs is determined as 

Potentials of four series stack MFCs 

Average potential (mV) 
Energy 

efficiency (%) 

223.2 5.47 

The COD removal is needed for coulombic energy 
In order to calculate the COD difference (ΔCOD), 

both the start and end samples were detected. The results of 
change in COD (ΔCOD) values for the four series stack MFCs 

COD values of the start and end samples for the four 
with roughened electrodes 

 

Duration 

（h） 

Current 

（mA） End sample 
2836 19.2 4.5 
3565 18.8 5.5 

The COD value measurement at 159th day (Table 3) is taken as 
an example for energy efficiency calculation. The 
measurement interval and ΔCOD are 19.2 h and 52 mg·L−1, 
respectively. According to Eq.(2), the coulombic efficiency of 
the four MFCs is calculated as 26.8%, which corresponds the 
theoretical value in the range of 12 – 95% (Bruce, 2008). 

Aelterman et al., 2006) have obtained 
coulombic efficiency of 12.4% by connecting six MFC stacks 
in series, which is lower than 26.8%. Appling the Eq.(3)–(4), 

is calculated to be 5.47%. Logan et al (5) 
have obtained a value range of coulombic efficiency, which 

50%, which means that the result 
corresponds to the theoretical value.  

Performance of MFCs with K3Fe (CN)6 as catholyte 

Since power production from MFCs can be limited by the 
overpotential of the oxygen reduction reaction (ORR) at the 

measures are taken to improve the 
One of the methods is to add cathodic 

lyte. In this experiments, K3Fe(CN)6 solutions 
with different concentrations (50 mM, 100 mM and 200 mM) 
were prepared. And the pH values of which are set to 7 by 
sodium carbonate. During the experiments, the K3Fe(CN)6 
solution was injected into the cathode container. The obtained 

. It can be seen from Fig. 6 that the 
output power density of the MFCs without adding K3Fe(CN)6 

− 73 mW·m−2. With increasing 
tration to 100 mM, the output power 

densities increased slowly at initially, then increased rapidly. 
However, with further increasing K3Fe(CN)6 concentration 
from 100 mM to 200 mM the increase became slow. Choi et 

have measured cyclic voltammograms of thionin 
in pH = 7 phosphate buffer at a carbon 

Results show that reduction of Fe (CN)6 
3− is 

(CN)6
3− could easily reduced to 

, indicates that this species is an ideal cathodic fuel. 
also reported that the internal resistance 

2017 



with the 22.5 cm2 Pt cathode and dissolved oxygen was 960 Ω, 
while the internal resistance of the system with ferricyanide 
was only 800 Ω. 
 

 
 

Fig. 6. Improvement of MFCs powers by adding K3Fe (CN)6 to 
catholyte 

 
Thus, the improved power densities can be explained by the 
great mass transfer efficiency with concentrated ferricyanide. 
At low lower Fe(CN)6

3− concentration, the reduction is mass 
transfer controlled. As a result, the output power density 
increased slowly with increasing K3Fe (CN)6 solution owing to 
the lower reduction speed of Fe(CN)6

3−. At higher 
concentration of K3Fe (CN)6, the effect of Fe(CN)6

3− on the 
output power densities is significant since large amount of 
Fe(CN)6

3− can be reduced to Fe(CN)6
4− rapidly. Among the 

four series stacked MFCs, the output power density of MFC #3 
is the highest, which reaches 560 mW·m−2 at K3Fe (CN)6 
concentration of 200 mM. This value is 10.8 times of that 
MFC#3 without adding K3Fe (CN)6 solution at the same 
conditions. Aelterman et al. (2006) have prepared K3Fe(CN)6 

catholyte with KH2PO4 as buffer solution and obtained the 
similar results. The output power densities have almost tripled 
with the value of 308 W·m-3 (series) and 263 W·m-3 (parallel).  
 
Conclusion 
 
The higher surface roughness electrodes, which achieved by 
colliding the surface of the electrodes by sand particles, were 
constructed. Two single microbial fuel MFCs with different 
roughness (roughened and without roughened) were firstly 
constructed and the effect of the roughness on optimal power 
density of the single MFC was studied. The power density of 
single MFC with roughened electrodes is 50 mW·m–2, which is 
two times as high as that of MFC with electrodes without 
treated by sand collision, showing that roughness plays an 
important role in improving power density. The four series 
stack MFCs were constructed with the roughened electrodes to 
further improve the power density and the long-term 
performances of the MFCs were studied over 160 days. 
Results showed that the optimal power of the four series stack 
MFCs decreased in the sequence: MFC#4> MFC#1>MFC#2> 
MFC#3. A maximum power density output of 126.5 mW·m–2 
was achieved at 62th day, which shows that series connection 
of MFCs can improve the power output. The optimal powers 
of the four MFCs were kept stable after 62th day and tend to 
become closer (which ranged between 52.03 and 73.41m 
W·m–2) to each other at 160th day. The coulombic efficiency of 
the four series stack MFCs is 26.8%, while the energy 
efficiency is 5.47%. The output power densities of each MFC 
in the four series stack MFCs ascend rapidly with increasing 

K3Fe(CN)6 concentration, a maximum power density output of 
560 mW·m−2 was observed at K3Fe(CN)6 concentration of 200 
mM. This value is 10.8 times that of without adding 
K3Fe(CN)6 solution at same conditions. Our results showed 
that the electrical performance of the four series stack in the 
current study is comparable to the best stack documented thus 
far.  
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