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Abstract: Hydrodynamic boundary layer is a significant phenomenon occurring in a flow through
a bluff body, and this includes the flow motion and mass transfer. Thus, it could affect the biofilm
formation and the mass transfer of substrates in microbial fuel cells (MFCs). Therefore, understanding
the role of hydrodynamic boundary layer thicknesses in MFCs is truly important. In this study, three
hydrodynamic boundary layers of thickness 1.6, 4.1, and 5 cm were applied to the recirculation mode
membrane-less MFC to investigate the electricity production performance. The results showed that
the thin hydrodynamic boundary could enhance the voltage output of MFC due to the strong shear
rate effect. Thus, a maximum voltage of 21 mV was obtained in the MFC with a hydrodynamic
boundary layer thickness of 1.6 cm, and this voltage output obtained was 15 times higher than that of
MFC with 5 cm hydrodynamic boundary layer thickness. Moreover, the charge transfer resistance
of anode decreased with decreasing hydrodynamic boundary layer thickness. The charge transfer
resistance of MFC with hydrodynamic boundary layer of thickness 1.6 cm was 39 Ω, which was
0.79 times lesser than that of MFC with 5 cm thickness. These observations would be useful for
enhancing the performance of recirculation mode MFCs.

Keywords: MFC; hydrodynamic boundary layer; recirculation mode; shear rate; voltage; charge
transfer resistance

1. Introduction

In recent years, the development of renewable energy (solar energy, wind power, bio-energy, and
fuel cell) and electric transportation/storage technologies (supercapacitors) has begun to flourish due
to the consumption and pollution that is caused by fossil fuels [1–3]. Microbial fuel cells (MFCs) are
renewable energy technology transducers [4], which has the potential for application in wastewater
treatment plants [5,6], electrical devices [7,8], and biosensor [9,10], because it can use bacteria for
generating electricity from waste water. However, the power densities of MFCs are still low due to
their high internal resistances [11–13]. Thus, at present, there are many research works that are focused
on MFCs. In MFCs, microorganisms function as a biocatalyst, which can convert organic matter into
electricity by using three extracellular electron transfer (EET) pathways: (1) direct electron transfer
(c-type cytochromes); (2) electron mediators; and, (3) solid conductive matrix (electrical conductive pili
or nanowires) [14]. Nevertheless, the microbes using electron mediators are not suitable for commercial
application as they are planktonic and could be easily washed out along with the effluent [15], and
also has higher energy losses than other EET pathways [14]. Hence, it obvious that anode biofilm plays
a key role in the electricity production of MFCs [16,17], as the bacteria that use direct electron transfer
and solid conductive matrix pathway will be attached on the anode electrode.
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Recently, there are different methods to enhance the anode biofilm formation. Li et al. demonstrated
that the gravity effect being applied to the MFC not only facilitated easy attachment of microbes on
the electrode, but also increased the biofilm thickness. Thus, the startup time was shorter than the
control by 12%, and the maximum current density reached 8.41 ± 0.13 A/m2, which was 29% higher
than without the gravitational effect [18]. He et al. indicated that if the fiber diameter of anode fiber
was lesser than the bacteria size, the thickness of biofilm will be less, which may result in less current
density due to the fact that the fibers will form small pores and hinder the bacterial penetration [19].
Ren et al. found that the CNT-based electrode materials: Spin-Spray Layer-by-Layer (SSLbL) CNT
can guarantee a thicker biofilm than other CNT materials. Therefore, it can result in a high current
density of 2.59 A/m2 [20]. Although, these studies stated that enhanced biofilm thickness lead to the
enhanced electricity production of MFC, but most of the biofilm formation is dependent on natural
adsorption [21]. In addition, very thick biofilms will not only block the electron transfer of MFCs [21],
but also will become a diffusion barrier on the physical and chemical exchanges between the bacteria
and substrate during the mass transfer processes [22].

In MFCs, the hydrodynamic effect is very significant because the major composition of anolyte
is water and the physical effect of fluid motion can influence the MFC performance and behavior
of biofilm microbial communities [23]. Nowadays, flow rate and recirculation rate are vital flow
parameters in continuous and recirculation mode MFCs due to two reasons, first, the flow rate and
recirculation rate can be easily set by peristaltic pump; second, the effect of these parameters is equally
important as that of the effects of shear stress [23–26]. Increasing the flow/recirculation rate could
enhance the shear rate [27,28]. Thus, resulting in a denser and thicker biofilm. Moreover, high shear
rates can facilitate faster bacterial attachment on the electrode and shorten the startup time of MFC.
Pham et al. indicated that the current and power output of MFC under the shear rate of about
120/s which was higher than that of low shear rate (∼=0.3/s) by 2 to 3 times [27]. On the other hand,
increasing the shear stress also can enhance the mass transfer rate between the substrate and the anode
biofilm [28,29], and this will efficiently limit the mass transfer losses of MFCs [30,31]. Wang et al.
reported that a high recirculation rate of 40 mL/min increased the mass transfer rate of MFC due to high
shear stress. Therefore, warburg diffusion resistance of MFC was only 265.4 Ω, which is 73% less than
the recirculation rate of 4 mL/min, than, the maximum current density of 50.19 mA/m2 [31]. Therefore,
the shear stress effect is worthy for investigation. Furthermore, the employment of honeycomb and
avoiding the membrane in MFC was also important in this study. Because many researches indicated
that the use of membranes would not only limit the MFC application [32], but also decrease system
performance [33] and enhance the cost [32,34]. Adding a honeycomb pattern could maintain the liquid
flow inside a reactor in a homogeneous, symmetrical, and uniform manner, which can enhance the
mass transfer of substrates [31].

However, when anolyte with a value of flow/recirculation rate flows through the MFC anode
chamber, viscous shearing forces occur at the chamber wall and the hydrodynamic boundary layer is
formed on the chamber wall. The thickness of the hydrodynamic boundary layer will increase with
an increase in distance from the leading edges of the chamber wall. The flow velocity gradient will
result in a strong shear stress within the hydrodynamic boundary layer [35]. Therefore, the effect of the
hydrodynamic boundary layer would not only affect the biofilm structure, but it would also influence
the mass transfer [36,37]. So, an in-depth understanding of the effects of hydrodynamic boundary layer
thickness is necessary. But, the effects of hydrodynamic boundary layer on MFC electricity production
has not been well discussed yet. Thus, in this study, three different hydrodynamic boundary layer
thicknesses (1.6, 4.1, and 5 cm) were applied to recirculation mode membrane-less MFCs with a
honeycomb pattern for investigating the hydrodynamic boundary layer effect on internal resistance.
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2. Results and Discussion

2.1. Voltage Output of MFCs

In order to investigate the effect of hydrodynamic boundary layer on MFCs, three different
hydrodynamic boundary thickness (1.6, 4.1, and 5 cm) were applied to MFCs, and the voltage output
was shown in Figure 1. All three MFCs obtained the similar output voltage at the beginning of the
operation. However, it could be observed that the decrease in thickness of the hydrodynamic boundary
layer shortened the startup time of MFCs. The voltage of MFC-1 started to rise up by the day 3.5,
but MFC-2 and MFC-3 started voltage production 1.5 days later when compared to MFC-1. At day 5,
the voltage of MFC-1 increased rapidly, and reached 11 mV at day 6. Although, the voltage of MFC-2
had the similar trend with MFC-1 at day 5, but it did not increase more than MFC-1. The voltage of
MFC-2 at day 6 reached ∼=4 mV, which was just 0.36 times that of MFC-1. Nevertheless, the voltage of
MFC-2 was still higher than MFC-3 and the voltage of MFC-3 was still very similar to the voltage at
the beginning of the operation. The reason why less hydrodynamic boundary thickness had faster
and higher voltage production was due to the shear rate effect [27]. In a pipe flow, the shear rate is
high at the inlet, but it will decrease gradually to the fully developed value [38], which means that
a thin hydrodynamic boundary layer could result in a higher shear rate than that of thick boundary
layer. The high shear rate could enhance the bacteria attachment to the electrode [27]. In this study, the
MFC-1 had the highest shear rate of 0.047/s and MFC-3 has the lowest shear rate of 0.016/s (Table 1).
Therefore, the MFC-1 had the shortest startup time, than MFC-2 and MFC-3. In addition, the shear rate
of three MFCs were less than 120/s. Therefore, the bacteria were not detached from the electrode [27].
After day 6, the voltage of three MFCs started to decrease. Hence, the anolyte of three MFCs were
replaced by fresh medium. However, from day 6 to 10, the voltage of three MFCs failed to rise up
to the same level as day 6, and the voltage of MFC-1 even started decreasing. This might be due to
the fact that a high concentration of glucose may have a toxic effect on bacteria [39]. Nonetheless,
the voltage of MFC-1, MFC-2, and MFC-3 started to increase after day 11.7 and the MFC-1 reached a
maximum voltage of 21 mV by day 16, which was 15 times that of MFC-3.

Figure 1. The voltage output versus time of microbial fuel cells (MFCs) with different hydrodynamic
boundary layer thicknesses.

Table 1. Internal resistance of MFCs with respect to hydrodynamic boundary layer thickness.

Kinds δ (cm) G (1/S) R1 (Ω) Ra,g (Ω) Ca,g (C) Ra,t (Ω) Ca,t (C) Rc (Ω) Cc (C) Wc (C)

MFC-1 1.6 0.047 47.4 39 0.0015 12.6 1.5 × 10−6 15.8 1.6 × 10−6 0.00086
MFC-2 4.1 0.02 45 45 0.0013 12 0.0025 3.85 × 10−6 0.00098 0.00016
MFC-3 5 0.016 40.5 49.1 0.0018 11 1.7 × 10−6 13.5 0.0008 0.00085
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2.2. Internal Resistance of MFCs

In order to investigate the hydrodynamic boundary layer thickness effect on the internal resistance
of the reactor, the equivalent circuit and internal resistance of MFCs were analyzed, as shown in Figure 2
and Table 1. According to Figure 2, it could be observed that the internal resistance of the MFCs
was composed of ohmic losses, charge transfer losses of anode/cathode, and concentration losses.
R1 represented the ohmic losses in the MFCs [40] and the value of ohmic losses can be related to the
conductivity of anolyte or the conductivity of electrode material. Ra, which represented the charge
transfer losses of anode, which can indicate the activity of the biofilm [41]. Thus, two kind of charge
transfer resistances (Ra,g: graphite felt sheet, Ra,t: titanium wire) occurred at anode. Capacitance Ca,g

and Ca,t indicated the electrical double layer phenomenon [42] of graphite felt sheet and titanium wire,
and this phenomenon occurred at the interface between the electrode and anolyte. Rc and Cc denoted
the charge transfer losses and the electrical double layer of cathode. In addition, the Wc represented
the concentration losses of MFCs [11], and the concentration losses could describe the diffusion of
substrate, oxygen, or other reactants in MFCs.

Figure 2. The equivalent circuit of MFC.

In Table 1, the ohmic losses were 47.4, 45, and 40.5 Ω for hydrodynamic boundary layers with
thicknesses of 1.6, 4, and 5 cm, respectively. These results showed that the ohmic losses were similar
due to the same conductivity of the Phosphate buffered saline (PBS) [31]. On the other hand, it can
be clearly seen that the value of Ra,g decreased when the hydrodynamic boundary layer thickness
decreased. The charge transfer loss was 39 Ω with a hydrodynamic boundary layer thickness of 1.6 cm
and increased to 49.1 Ω when the thickness was 5 cm, and these results were in accordance with the
voltage output of MFCs (Figure 1). Due to the strong shear rate effect within the thin hydrodynamic
boundary layer thickness [35,38], the physical properties of biofilms, such as density and strength,
were influenced by fluid shear. Also, the easy attachment of bacteria on the electrode can result in a
thicker and denser biofilm structure [27,28,43]. This biofilm can produce higher biomass than that of
biofilm in lower shear rate environment [23]. Hence, the electron transfer rate could be enhanced and
a lower charge transfer resistance could be obtained. Whereas, the effect of boundary layer thickness
did not significantly influence the charge transfer losses of titanium wire and the values of Ra,t was
very similar. This may be due to the smooth surface of titanium wire, which cannot facilitate easy
bacterial attachment [40]. The capacitance of MFC was related to the electron or ion accumulation
phenomena in the biofilm or the substrate [36]. In this study, the capacitances (Ca,g) were 0.0015,
0.0013, 0.0018 C for the hydrodynamic boundary layers of thickness 1.6, 4.1, and 5 cm, respectively.
These values were very similar to each other and it can be observed that the thickness of hydrodynamic
boundary layer had no effect on the values of Ca,g and these results were similar with the research
of Ter Heijne et al. [36]. Moreover, the capacitances of Ca,t also reported the similar values (around
1.5 × 10−6), except for the hydrodynamic boundary layer thickness of 4.1 cm. However, this study
suggests that electrochemical impedance spectroscopy (EIS) should be analyzed using three-electrode
mode for the half-potential for data accuracy. Regarding the internal resistance of the cathode, the
cathode of all three MFCs was installed at the top of the reactor, and, the oxygen was directed to the
cathode and it did not pass through the hydrodynamic boundary layer. Thus, the thickness of the
hydrodynamic boundary layer did not influence the diffusion of oxygen. Hence, the concentration
losses (Wc) of three MFCs were similar.
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2.3. The Mechanism of Hydrodynamic Boundary Layer Effects in Recirculation Mode MFCs

In recirculation mode MFCs, the hydrodynamics is significantly important as to the microbe,
electrode biofilm, and the diffusion of reactant being affected by the flow field [44,45]. Thus, the
effect of the flow field in the MFC chamber is necessary to be described. According to the results
of this study and other references, the working mechanism model of the hydrodynamic boundary
layer effect was illustrated in Figure 3. At first, when the anolyte flowed through the surge tank and
passed through the honeycomb into the MFC chamber, the fluid particles of the anolyte in the layer,
which were in contact with the chamber wall of MFC had completely stopped due to the no-slip
condition. Particles of anolyte also slowed down gradually because of the friction in adjacent layers.
Then, in order to compensate the decrease of mass flow rate near the MFC chamber wall, the velocity
of the fluid at the midsection of the MFC chamber needed to be increased. Due to the velocity gradient
(shear rate) that was developed in the MFC chamber, the velocity (hydrodynamic) boundary layer was
formed on the MFC chamber wall [38]. The velocity boundary layer thickness increased along with
the flow direction due to the viscosity of liquid [35,46]. Thus, the MFC-1 had the much thinner velocity
boundary layer, and the MFC-3 had the thickest velocity boundary layer (see Figure 3).

Figure 3. The mechanism of hydrodynamic boundary layer.

However, due to the shear rate effect, the efficiency of bacteria that were attached to the electrode
was enhanced [27]. The anaerobic biofilm was formed at the anode electrode because the environment
was more anaerobic than cathode, and the aerobic microbes moved to the cathode due to the presence
of oxygen. Thin velocity boundary layer could result in a much thicker and denser biofilm than that of
the thick velocity boundary layer due to the strong shear rate effect. This could enhance the current
and power output of MFC [27]. The biofilm thickness reached maximum within the transition zone
between laminar and turbulent because of two reasons, first, the diffusion of substrate was limited in
laminar zone, second, the bacteria was detached from the biofilm in turbulent flow [47]. In this study,
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the inlet Reynolds number was Re = 89.6, which meant that the inertial forces were dominant in MFC,
and that the velocity of boundary layer was laminar. Thus, the mass transfer of MFCs needed to be
enhanced by increasing the Reynolds number or the flow convective [45]. Although the thickness
of the biofilm would become a diffusion barrier [22] the thickness of the biofilm (about 40 µm) was
smaller than the hydrodynamic boundary layer [37]. Therefore, the mass transfer of recirculation
mode MFC was mainly determined by the thickness of hydrodynamic boundary layer [35,36]. Inside
the velocity boundary layer, the concentration boundary layer occurred due to the concentration
gradient between the bulk liquid and the chamber wall. The thickness of the concentration boundary
layer increased with the flow direction until it reached the velocity boundary layer [48]. Therefore,
the thickest concentration boundary layer occurred in MFC-3. In the concentration boundary layer,
the mass transfer of reactant relied on diffusion, which meant that a higher mass transfer could be
obtained in a thin concentration boundary layer due to a high concentration gradient. In recirculation
mode MFCs, due to the moving fluid, the mass transfer not only depended on diffusion, but also on
bulk fluid motion. The fluid motion enhanced the mass transfer as the reactant in the fluid can move
from high a concentration area to a low concentration area [48]. Hence, the strong shear rate effect in
thin velocity boundary layer not only reduced the charge transfer losses, but also the concentration
losses of MFCs [31,35,36]. It is worth mentioning that the boundary layer had no effect on the oxygen
diffusion as the oxygen was in direct contact with the cathode in this study. Moreover, research works
had indicated that the viscous sublayer was also important [49–51] due to the fact that it could affect
the biofilm accumulation and this could be suggested as an investigation for prominent future research.

2.4. Applications

Microbial fuel cells can be used in wastewater treatment plants or microfluidic devices in the future.
However, the wastewater treatment plants and microfluidic devices are the continuous/recirculation
flow mode systems. Thus, the effect of hydrodynamic boundary layer can not be ignored, and it
must be considered. The thin hydrodynamic boundary layer could significantly enhance the biofilm
formation and substrate mass transfer, and the maintainence of a thin hydrodynamic boundary layer
is a challenge in MFC performance and commercialization. There are several methods to maintain
the anode/cathode electrode in a thin hydrodynamic boundary layer. Firstly, the electrode placement
should be place near the flow entrance, this suggestion could be indirect proof by other research.
Ye et al. showed that the biofilm were thick at the beginning of the microchannel, and thin at the end
of the microchannel [52]; Second, if the anolyte flows past the porous electrode (graphite/carbon
felt) a thin porous electrode of 0.1 mm porosity should be chosen as the substrate transfer and the
diffusion of protons from the biofilm will be limited if the flow passes through the thick felt [53,54];
Third, using the flow control method to inhibit the hydrodynamic boundary layer developing, such
as increasing the number of anolyte inlet along the MFC flow channel. This method could let the
new hydrodynamic boundary layer replace the original hydrodynamic boundary layer, and keep the
hydrodynamic boundary layer thickness thin [35]. The results of this research significantly have great
contribution on the design of any continuous/recirculation flow mode MFC systems in the future.

3. Materials and Methods

3.1. Reactor Construction

In order to investigate the effects of hydrodynamic boundary layer on the electricity production of
MFC, three single chambered reactors were fabricated with Polymethylmethacrylate (PMMA) sheets
(Figure 4A) [30]. The reactors were of symmetrical structure, and consisted of one MFC chamber,
two honeycombs, and two surge tanks. No membranes were used, as it was a membrane-less reactor.
The inner space dimension of MFC chamber was 10 cm × 10 cm × 10 cm. Honeycomb structure
was made of plastic straws, and each one had an inner space dimension of 10 cm × 10 cm × 10 cm.
The surge tanks had an inner space dimension of 10 cm × 17 cm × 17.5 cm. Two graphite felt sheets
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(each with L × W × D: 0.5 cm × 2.8 cm × 0.5 cm) were used as the anode and cathode electrode,
and they were embedded at the bottom and top of the MFC chambers. The anode electrode was
connected using a titanium wire to an external resistance (1000 Ω), which was further connected to the
cathode electrode. In order to generate three different hydrodynamic boundary layer thicknesses in
the MFC chamber, the anode and cathode electrodes were placed at the distances of 1 cm (MFC-1),
6 cm (MFC-2), and 9 cm (MFC-3), which were measured from the leading edges of the chamber wall.

3.2. Inoculation and Operational Conditions

The MFCs (MFC-1, MFC-2, MFC-3) were inoculated with 1:1 ratio of wastewater from the
Department of Biotechnology and Animal Science, National Ilan University, Yilan, Taiwan [11] and
50 mM PBS [31]. 50 mM PBS contained Na2HPO4, 4.58 g/L; NaH2PHO4·H2O, 2.45 g/L; NH4Cl,
0.31 g/L; KCl, 0.13 g/L; and, 0.2 g/L glucose was used as the substrate. All of the MFCs were
operated at the same flow rate of 480 mL/min from the beginning till the end of the experiment and
the experimental setup was shown in Figure 4B.

Figure 4. The (A) clear side view and (B) experimental setup of recirculation mode MFCs.

3.3. Electrochemical Analysis

Three MFCs (MFC-1, MFC-2, and MFC-3) were connected with an external resistance of 1000 Ω.
The voltage of MFCs was measured by an automatic data acquisition system (Jiehan 5020, Jiehan
Technology Corporation, Taiwan, Republic of China) with a sample rate of 1 point/min [55]. The EIS
analysis of MFCs was measured by an impedance analyzer (HIOKY 3522-50 LCR HiTESTER, Hioki
E.E. Corporation, Nagano, Japan), and the scan frequency was set as 100 KHz to 0.1 Hz with an AC
amplitude of 10 mV [56]. The value of equivalent circuit of MFCs was analyzed by Zware.

3.4. Reynolds Number (Re)

Reynolds number is a dimensionless quantity that can be used to investigate the different fluid
flow situations in fluid mechanics. Reynolds number (Re) is a ratio of inertia force to viscous forces,
and is defined as shown in Equation (1) [57]:

Re = ρVDT
/

µ (1)

where ρ represents the density of water (997 kg/m3); V indicate the inlet flow velocity (80 × 10−5 m/s,
corresponding to the flow rate of 480 mL/min); DT represents the hydraulic diameter (10 cm); and,
µ is viscosity of water (8.9 × 10−4 kg/ms).
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3.5. Flat Plate Boundary Layer Thickness (δ) and Shear Rate

The hydrodynamic boundary layer was formed by liquid flow through a flat plate due to the
viscosity of liquid particle, and the thickness of flat plate boundary layer thickness, which can be
defined as Equation (2) [46]:

δ = 5
√

µx
/

ρV (2)

where x is the electrode position of 1 cm (MFC-1), 6 cm (MFC-2), and 9 cm (MFC-3). (Corresponding to
the hydrodynamic boundary layer thickness of 1.6, 4.1, and 5 cm [58]), and the schematic diagram of
hydrodynamic boundary layer that was applied to MFCs were showed in Figure 5.

The hydrodynamic boundary layer thicknesses were chosen based on different flow field.
hydrodynamic boundary of thickness 5 cm occurred at the hydrodynamically fully developed region.
In this region, the velocity profile was fully developed and remained unchanged. The hydrodynamic
boundary of thickness 1.6 cm occurred near the entrance of the MFC chamber. The velocity profile on
this region was similar to the inlet flow.

Shear rate can influence the mass transfer and biofilm formation, and the shear rate is defined as
shown in Equation (3) [27]:

G = V/d (3)

where V is the flow velocity at hydrodynamic boundary layer (0.99 times less than inlet flow velocity)
(m/s), and d represents the thickness of the hydrodynamic boundary layer (m).

Figure 5. The schematic diagram of hydrodynamic boundary layer in the MFCs.

4. Conclusions

Hydrodynamic boundary layers of thickness 1.6, 4.1, and 5 cm were applied to the recirculation
mode MFCs to investigate the electricity production in this study. It was observed that the voltage of
MFCs increased with decreasing hydrodynamic boundary layer thicknesses. Due to the high shear
rate of 0.047/s that occurred in the hydrodynamic boundary layer of 1.6 cm, the maximum voltage
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of 21 mV was observed in MFC-1, which was 15 times higher than that of MFC-3. These results
were further confirmed by EIS analysis. The charge transfer losses of anode decreased with the
decreasing hydrodynamic boundary layer thicknesses. The charge transfer resistance (Ra,g) of MFC-1
was only 39 Ω, which was only 0.79 times lesser than that of MFC-3. These findings were useful for
the improvement in the performance of the continuous/recirculation flow mode MFCs.
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