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A B S T R A C T   

Microbial fuel cell (MFC) operation under similar conditions to conventional methods will support the use of this 
technology in large-scale wastewater treatment. The operation of scaled-up air-cathode MFC (2 L) fed with 
synthetic wastewater (similar to domestic) in a continuous flow was evaluated using three different hydraulic 
retention times (HRT), 12, 8, and 4 h. We found that electricity generation and wastewater treatment could be 
enhanced under an HRT of 12 h. Additionally, the longer HRT led to greater coulombic efficiency (5.44%) than 
MFC operating under 8 h and 4 h, 2.23 and 1.12%, respectively. However, due to the anaerobic condition, the 
MFC was unable to remove nutrients. Furthermore, an acute toxicity test with Lactuca sativa revealed that MFC 
could reduce wastewater toxicity. These outcomes demonstrated that scaled-up MFC could be operated as a 
primary effluent treatment and transform a wastewater treatment plant (WWTP) into a renewable energy 
producer.   

1. Introduction 

Effective wastewater management is a crucial challenge in modern- 
day society due to the substantial energy requirements and costly 
treatment procedures. According to Li et al. (2015), the global electricity 
consumption for wastewater treatment could reach up to 3%. This 
highlights the urgent need to reduce energy consumption in wastewater 
treatment as a means of mitigating the impact of climate change 
(Colares et al., 2021). To address this issue, novel technologies that can 
provide efficient wastewater treatment solutions are crucial (Rossi and 
Logan, 2022). One such technology is the microbial fuel cell (MFC). 

MFCs are bio-electrochemical reactors capable of producing power 
from wastewater without any external energy source during wastewater 
treatment (Dwivedi et al., 2022). MFC can be described as a battery 
operated by electroactive bacteria (EAB), which develop a biofilm at the 
anode, and degrade the organic matter present in wastewater (Logan 
et al., 2019). During this process, the electrons generated by EAB are 
transferred to the anode and flow through an external copper wire with 
an external resistor to the cathode (Munoz-Cupa et al., 2021). At the 
cathode, the electrons and protons (H+) are used in the oxygen reduction 

reaction (ORR) to produce electrical power (Rossi et al., 2018). MFCs 
offer unique advantages over conventional biotreatment processes, 
including direct electricity generation, low sludge yield, and low carbon 
footprint (Luo et al., 2023). 

Despite their advantages, scaling up MFCs and operating them under 
conditions similar to those found in domestic wastewater treatment 
plants remain a challenge, due to internal resistance, hydrodynamics, 
electrode life-span, cost and production, and dissolved oxygen diffusion 
(Rossi and Logan, 2022). In order to demonstrate sufficient MFC per
formance to provide a path forward for implementation of this tech
nology under domestic WWTPS, there have been many studies 
addressing the scaling-up and the optimal conditions, mainly the hy
draulic retention times (HRT) under continuous operation (Deng et al., 
2023; Yu et al., 2021). 

The HRT has a remarkable effect on electricity production and 
wastewater treatment. Sugioka et al. (2022) operated an air-cathode 
MFC with 226 L, ranging the HRT from 9 to 42 h, achieving 
0.072–0.51 W m− 3 of power density and 31–58% for COD (chemical 
oxygen demand) removal. Hiegemann et al. (2019) demonstrated the 
operation of a 255 L single chamber MFC, ranging the HRT from 43 to 
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12 h. The obtained results demonstrated a maximal power density of 
0.32 W m− 3 and COD removal efficiency of 41%, under the highest HRT. 
Then, finding the required optimal HRT is imperative to design an 
effective system (Bird et al., 2022). 

Furthermore, wastewater quality monitoring plays an important role 
in MFC technology. However, the chemical analyses applied to monitor 
water quality can only measure some pollutants, such as COD, nitrogen, 
and phosphorous, which are not always in accordance with toxic effects 
of wastewater (Yu et al., 2019). On the other hand, toxicity tests can 
detect the mixture effects of all chemicals in a sample and provide 
adverse biological effects (Lutterbeck et al., 2020). To demonstrate 
adequate MFC performance for implementation, it is important to verify 
the possible toxic effects of effluent generated by MFC. Previous studies 
have observed a decrease in toxicity levels of MFC effluent from 
wetland-MFC treating laundry hospital wastewater using the 
micro-crustacean Daphnia magna and lettuce (Lactuca sativa) seeds 
(Lutterbeck et al., 2020) and dairy wastewater treated by air-cathode 
MFC also using microcrustacean (Daphnia similis) (Marassi et al., 
2020a). Nevertheless, there is a knowledge gap on the effluent toxicity 
produced by MFCs treating municipal wastewater. 

Therefore, the aim of this study is to address the optimal operational 
condition of an air-cathode MFC with a working volume of 2 L MFC for 
domestic wastewater treatment. The performance and efficiency were 
evaluated under continuous flow mode and different HRT similar to 
those applied in conventional wastewater treatment methods. The 
power generation and pollutant removal efficiencies were determined 
for each tested HRT. In addition, the toxicity of the raw wastewater and 
MFC effluent generated was determined by exposure to the L. sativa 
seeds. 

2. Materials and methods 

2.1. MFC construction 

The MFC used in this study were single-chamber, air-cathode and 
were fabricated using acryl sheets with an anodic work volume of 2 L. 
Air cathode was composed of a membrane electrode assembly (MEA), 
with a nominal area of 132 cm2. The MEA was made up of a Nafion™ 
(212) membrane, which operated as a separator and carbon based ma
terials as electrodes. The membrane was sandwiched between a carbon 
paper anode (gas diffusion layer - GDL) and cathode (gas diffusion 
electrode - GDE) coated with a catalyst concentration of 0.4 mgPt cm− 2 

(Novo-cell, Americana, Brazil). The MEA also contain carbon nano
particle (Vulcan XC 72 R), which provides excellent electron conduc
tivity, and polytetrafluoroethylene (PTFE) layer, to avoid the oxygen 
diffusion into the anode and water leak in the air-cathode. The MEA 
were placed at the cathode site of the cells. Stainless steel plates were 
used as electron collectors. The electrode and current collector were 
sandwiched between two gaskets frames to seal the chamber. A single 
copper wire connected the electrodes externally with an external 
resistor. 

2.2. MFC operation 

The inoculum source was sludge taken from an anaerobic tank 
installed at a municipal wastewater treatment plant (Florianópolis, 
Brazil). So, the MFC was inoculated with anaerobic sludge (50 mL) and a 
growth medium (Lobo et al., 2017). The procedure was previously re
ported by Sorgato et al. (2022). After 15 days, the MFC reached a stable 
operation, and the growth medium was replaced by synthetic waste
water similar to domestic wastewater as the substrate. After that, the 
MFC was applied to treat wastewater at different HRT (12, 8, and 4 h) 
with a fixed influent COD concentration. As the HRT was reduced, the 
organic load rate (OLR) increased, with the OLR ranging between 1 and 
2.94 kgCOD m− 3 d− 1. The values are comparable to those applied for 
high-rate domestic wastewater treatment systems, such as activated 

sludge <3 kgCOD m− 3 d− 1 (Metcalf, 2014). 
Three distinct periods, each lasting 15 days, were used to assess the 

MFC performance (Table 1). During the operation, the temperature was 
kept in 30 ◦C, influent pH of 7.5 and external resistance (Rext) of 1000 Ω. 
The MFC was fed in a continuous mode using a peristaltic pump (Watson 
Marlow, 323-S). The MFC setup could be seen in Fig. 1. 

The synthetic wastewater, with similar characteristics to municipal 
one, was prepared according to the following composition (Souza et al., 
2020): 850 mg L− 1 of CH3COONa, 170 mg L− 1 of KH2PO4, 280 mg L− 1 of 
NH4Cl, 10 mg L− 1 of MgSO4⋅7H2O, 7.3 mg L− 1 of CaCl2⋅2H2O, 0.2 mg 
L− 1 of CuSO4⋅5H2O, 2.2 mg L− 1 of ZnSO4⋅7H2O, 0.5 mg L− 1 of 
CoCl2⋅6H2O, 5.00 mg L− 1 of FeSO4⋅H2O, and 2.15 mg L− 1 of NaCl. 

2.3. Data analysis 

The influent and effluent samples from were analyzed twice a week, 
in duplicate. The concentrations of COD, ammoniacal nitrogen (NH4

+), 
orthophosphate (PO3−

4 ), and total nitrogen (TN) were measured by 
spectrophotometry (Hach DR5000). The PO3−

4 concentration was 
determined using the molybdovanophosphoric acid method (APHA, 
2005). The concentration of NH4

+ was measured via Nessler’s Reagent 
spectrophotometry (APHA, 2005). COD and TN were determined using 
the Hach 8000 and 10072 methods, respectively, following the manu
facturer’s instructions. Total suspended solids (SS) was determined by 
gravimetric method. Total alkalinity was measured by the titrimetric 
method. The cation and anion (CH3COO− , Cl− , NO3

− , and SO4
2− ) con

centrations were assessed by ion chromatography (DIONEX ICS-5000). 
pH, conductivity, dissolved oxygen (DO) and temperature were ob
tained using a multiparametric probe (AKSO, AK88). 

The voltages were measured every 3 min using a digital multimeter 
(ET-2615 A, Minipa). Once the voltage was recorded, the current, I 
(mA), was calculated according to Ohmic law, where E is the voltage 
(mV) and Rext is the external resistance (Ω) (Eq. (1), and power, P (mW), 
was calculated according to Eq. (2) (Logan et al., 2006). Current density 
and power density were determined using the area of the electrode and 
MFC volume. 

I =
E

Rext
(1)  

P= I × E (2) 

Coulombic efficiency (CE, %), defined as the fractional recovery of 
electrons from the substrate, was calculated according to Eq. (3), where 
M is the molecular weight of oxygen (32 g mol− 1), I is the average 
current (mA), F is Faraday’s constant (96,485 C mol− 1), n is the number 
of electrons (4 mol e− mol O2

− 1), q is the volumetric influent flow rate (L 
s− 1); ΔCOD is the change in COD over time (mg L− 1) (Logan et al., 
2006). 

CE=
M.I

F.n.q.ΔCOD
(3) 

The polarization curves were obtained by setting the MFC to open 
circuit condition for at least 30 min and lowering the external resistance 
every 10 min, from 1000 to 10 Ω (Yang et al., 2020). The voltage was 
read by a digital multimeter. The volumetric power density was 

Table 1 
Operational strategies.  

Parameters Strategies 

I II III 

Period (days) 1–15 15–30 30–45 
HRT (day) 0.5 0.33 0.17 
Flow rate (L day− 1) 4 6.06 11.76 
Influent COD (mg L− 1) 650 650 650 
OLR (kgCOD m− 3 d− 1) 1.00 1.51 2.94  
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normalized to the anodic volume and electrode area. 

2.4. Phytotoxicity assay 

Lactuca sativa seeds was used to evaluate the phytotoxicity of the 
effluents following the methodology proposed by Sobrero and Ronco 
(2004). The L. sativa seeds utilized in this study were of the same variety 
and lot (L. sativa curly variation, ISLA PRO), with no chemical treatment. 
The test involves exposing the seeds for 120 h at 22 ◦C without any light 
in Petri dishes with a diameter of 100 mm and a filter paper (Jeremias, 
2019). The filter paper was soaked in 2 mL of raw wastewater and MFC 
effluent samples (100, 75, 50, 25%, and 0%) prior to seed exposure. The 
negative control was mineral water. Ten seeds were exposed in each dish 
for each test, which was carried out in triplicate, resulting in a total of 
120 seeds (Lutterbeck et al., 2020). 

The quantity of L. sativa seeds that germinated and the lengths of 
their epicotyl and roots were measured for each sample in order to assess 
the phytotoxicity. The germination index (GI) was determined by Eq. (4) 
(Gerber et al., 2017). The percentage of seeds that germinate in sample 
dishes divided by the total number of seeds that germinate in control 
dishes is known as seed germination (SG). Root length (RL) is calculated 
by dividing the percentage of root length of seeds in sample plates by the 
root length of seeds in control dishes. 

GI(%)=
SG.RL

100
(4)  

2.5. Statistical analysis 

The Shapiro-Wilk test was used to assess the normality of the data. 
ANOVA was employed to analyze the differences between means from 
data which had a normal distribution, followed by the Tukey test. The 
medians for the non-normally distributed data were examined using the 
non-parametric Kruskal-Wallis and Dunn tests. A comparison of the 
correlation between operating and physical variables was done using 
Pearson’s correlation (parametric data) and Spearman’s correlation 
(non-parametric data) (Cano et al., 2021). The findings of the L. sativa 
experiments were evaluated using one-way ANOVA, followed by Dun
nett’s multiple comparison test at a significance level of 0.05. The 
effluent concentrations reducing lettuce growth in 50% (half maximal 
effective concentration - EC50) were estimated via non-linear regression 
models, according to Environmental Canada (2007). The Statistica® 13 
software was used to conduct these statistical analyses. 

3. Results and discussion 

3.1. Electricity generation 

The effects of HRT on power output in the MFC reactor were inves
tigated during time periods of 12, 8, and 4 h. The COD influent con
centration was kept at 640 mg L− 1. The OLR range from 1.00 to 2.94 
kgCOD m− 3 d− 1. These selected values were accordingly to conventional 
wastewater treatment (Metcalf, 2014). 

Fig. 2 depicts the variations in maximal current density at different 
HRTs. The obtained values showed a statistically significant difference 
(p < 0.05). The current density gradually decreased with the reduction 
of HRT. The average current density was 159.20, 119.57, and 97.18 mA 
m− 3 with changing the HRT from 12 to 4 h. There was a significant 
correlation between the HRT and current density (R2 = 0.7932). The 
results of the correlational analysis confirm that higher HRT cause an 
increase in electricity generation. Table 2 shows the other electro
chemical results. 

The power density also decreased with HRT changing. The higher 
value was obtained at HRT of 12 h (52.04 ± 18.00 mW m− 3). Strategies 
II and III produced 29.31 ± 9.80 and 18.98 ± 2.87 mW m− 3, respec
tively. Similar behavior was found by Sharma and Li (2010), who ranged 
the HRT from 6.5 to 50 h. They observed that the power density reached 
3872 mW m− 3 at 6.5 h and gradually increased to 4072 mW m− 3 at 13.1 
h. After that, the power density decreased to 3136 mW m− 3 (50 h). Liu 
et al. (2008) also demonstrated that the power density increased with 
higher HRT. At 4.1 h, the MFC produced 17 W m− 3. When the HRT was 
extended to 11.3 h and 16 h, the power density increased to 22 and 20 
W m− 3, respectively. A possible explanation for this might be that low 
HRT does not provide enough time to degrade the substrate until a 
concentration can no longer convert it into current (Bird et al., 2022). 

The observed drop in power density as the HRT decreased could also 
be attributed to the high flux conditions accompanying low HRT. This 
reduction in power generation may be due to unfavorable mixture 
conditions. In support of this, Sobieszuk et al. (2017) demonstrated 
through mathematical modeling that elevated fluxes (i.e., lower HRT) 
can result in worse mixture conditions and drop the energy production. 

In addition to affecting current density and power density, HRT 
variations also have a direct influence on the type and amount of bac
teria present in the reactor and anode biofilm (Sharma and Li, 2010; 
Sobieszuk et al., 2017; Walter et al., 2022). High flux increase in cell 
washout, which can affect the performance of the MFC. Penteado et al. 
(2016) observed that as HRT decreases and sludge age decreases, the 
growth rate of microorganisms in the MFC must increase in order to 
avoid washout. 

Moreover, Haavisto et al. (2017) pointed out that at the lowest HRT, 
current densities and cell voltages decreased due to the increase in the 
volatile fatty acids concentrations. This suggests that the biofilm could 

Fig. 1. MFC setup.  

Fig. 2. Current density at different HRT.  
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utilize those substances as an electron acceptor rather than the anode. 
Ye et al. (2020) reported an opposing finding, stating that increasing 

HRT may negatively affect the voltage generation in MFCs. The authors 
suggested that high HRT could lead to lower substrate concentrations 
and reduced cell metabolism at the anode chamber, inhibiting the MFC 
reactor from producing energy. As Zhao et al. (2022) observed, longer 
HRTs result in greater energy losses. The variation in previous study 
findings may be attributed to differences in the MFC configuration, 
electrode material, substrate, biofilm, and other factors (Fadzli et al., 
2021). 

At the end of each strategy, a polarization curve was obtained by 
decreasing the external resistance from 1000 to 10 Ω. According to 
Breheny et al. (2019), the maximal power density is obtained when the 
external and internal resistance are equal (Rint = Rext). Therefore, when 

these values are different, electricity generation losses occur. As shown 
in Fig. 3, the maximal power density was 44.42 mW m− 3 at an HRT of 
12 h, which was 2.32 and 3.40 times higher than the results obtained in 
HRT of 8 and 4 h, respectively. 

A decrease in power density was observed with increasing OLR, 
which is consistent with the observed trends in voltage, current and 
power values (Table 2). Subha et al. (2019) and Tamilarasan et al. 
(2017) also found that maximum power density dropped while the HRT 
was decreased. 

One reason for this can be that higher OLR may be able to outperform 
the capacity of electroactive bacteria for oxidation and allow other 
microbial populations in the anode chamber to use the available sub
strate (Subha et al., 2019). A high loading rate induces ohmic, kinetic, 
and transport loses. For instance, under higher influent flow rates, could 
happen insufficient substrate transfer to biofilm and proton transfer into 
the cathode chamber, which indicates mass transfer and diffusion lim
itations (Haavisto et al., 2017). Therefore, higher internal resistances 
produce lower power densities (Opoku et al., 2022). In addition, this 
power density drop under higher OLR could be attributed to a lack of 
sufficient contact time for the microbial activity to reach saturation and 
for the degradation of organic substances, which impair the MFC’s 
ability to produce power (Tamilarasan et al., 2017). 

Although it is challenging to make accurate comparisons, the best 
outcomes have been obtained when employing small volumes and low 
to medium-strength loads (Marassi et al., 2020a). There is probablyan 
ideal HRT for the electricity generation of each continuously operated 
MFC reactor, even though these optimum values differ amongst MFC 
setups (Sobieszuk et al., 2017; Ye et al., 2020). In this study, optimizing 
HRT to generate electricity in the air-cathode MFC operating in a 
continuous flow mode was one of the main objectives. For this reason, 
the HRT of 12 h could satisfy this purpose. It is worth noting that the 
optimal conditions for one type of MFC are not necessarily the same to 
another type. 

3.2. Wastewater treatment performance 

The performance of an air-cathode MFC, operated under continuous 
flow conditions and applied to domestic wastewater treatment, was 
evaluated based on its removal efficiency for COD, nitrogen, and phos
phorus compounds. 

3.2.1. COD removal efficiency 
The efficiency of the MFC in removing COD was evaluated under 

three different HRT scenarios, as illustrated in Fig. 4. The average COD 
removal efficiencies were 20.0%, 21.0%, and 16.3% for HRTs of 12, 8, 
and 4 h, respectively. 

The beginning of each strategy produced stress on microorganisms 
due to the changes in flow velocity and operational conditions. After the 

Table 2 
Mean values and standard deviations of current density, electrical power and 
electrical energy for each phase.  

HRT 
(h) 

OLR (kg 
m− 3 d− 1) 

Voltage Current density Power density 

(V) (mA 
m− 2) 

(mA m− 3) (mW 
m− 2) 

(mW 
m− 3) 

12 1.00 0.32 ±
0.05 

24.08 ±
4.08 

159.20 ±
26.30 

7.87 ±
2.72 

52.04 ±
18.00 

8 1.51 0.24 ±
0.04 

18.08 ±
2.96 

119.57 ±
19.59 

4.43 ±
1.48 

29.31 ±
9.80 

4 2.94 0.19 ±
0.01 

14.70 ±
1.06 

97.18 ±
7.03 

2.87 ±
0.43 

18.98 ±
2.87  

Fig. 3. Power (A) and polarization (B) curve.  Fig. 4. Average removal of COD at different HRTs (18, 8 and 4 h).  
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MFC achieved the stabilization under each strategy, the COD removal 
efficiency in strategy I was 29.43 ± 1.82%, which was significantly 
different (p < 0.05) from strategy II (26.33 ± 0.76%) and III (15.13 ±
1.18%). Moreover, the strategy I achieved the highest COD removal 
efficiency (30.72%), while strategies II and III, the maximum COD 
removal was 26.87% and 21.52%, respectively. These results suggest 
that higher HRT favors COD removal efficiency (R2 = 0.9295). 

Sugioka et al. (2022) observed the same behavior during the treat
ment of municipal wastewater using MFC. The COD removal was 31 ±
8.3% at an HRT of 9 h, gradually increased to 57 ± 10% at an HRT of 24 
h, and increased to 57 ± 10% under 42 h. A similar trend was also 
observed by Kim et al. (2015), which found COD removal equal to 64.8 
± 1.7% at an HRT of 8.8 h, decreasing to 32.8 ± 1.9% at 2.2 h. Ahn and 
Logan (2010) also found similar results when operating an air-cathode 
MFC with domestic wastewater in a continuous flow at an OLR of 1 
kg m− 3d− 1. The COD removal efficiency was approximately 30%. On a 
percentage basis, the air-cathode MFCs removed an average of 52 ±
19% of the influent COD (Rossi and Logan, 2022). 

The HRT is a critical factor influencing COD removal efficiency (Bird 
et al., 2022). The effect of HRT on COD removal in MFC has been pre
viously reported (Hiegemann et al., 2019; Sharma and Li, 2010; 
Sobieszuk et al., 2017; Sugioka et al., 2022). Longer HRT leads to longer 
residence time for organic matter in the anode chamber, providing 
higher contact time for microorganisms to oxidize the organics and 
transfer the electrons, resulting in higher COD removal efficiency and 
increased energy output (Subha et al., 2019; Ye et al., 2020). It is 
important to highlight that several other factors could influence COD 
degradation, including the optimal ratio of anode surface area to reactor 
volume and biofilm structure in the anode (Huang et al., 2022). 

In addition, the COD removal may be explained by the external 
resistance (Rext = 1000 Ω). The removal of COD can be explained by the 
impact of external resistance on the rate of electron transfer, metabolic 
activity, and organic degradation kinetics (Zhang et al., 2011). Lower 
external resistors improve pollutant removal due to activation and 
ohmic overpotential reduction. Perazzoli (2018) observed that 22 Ω 
external resistor provides a maximum acetate consumption rate of 
293.01 mg L.h− 1. At 560 Ω, the rate was 250 mg L.h− 1. Yang et al. 
(2022) also reported that the average COD removal efficiency decreased 
from 85.63 ± 0.08% to 82.70 ± 0.31% as the external resistance 
changed from 200 to 2000 Ω. Therefore, changing the external resis
tance could improve COD removal. 

To complete the COD removal and attempt the environmental rules 
for discharge, several studies have suggested the use of additional 
technologies further to treat the MFC effluent, such as biofilter (Rossi 
et al., 2022), anaerobic fluidized bed membrane bioreactor (Ren et al., 
2014), and wetland (Lutterbeck et al., 2020). 

The CE obtained in HRT 12, 8, and 4 h was 5.44, 2.23, and 1.12%, 
respectively. The highest CE was observed at an HRT of 12 h, while the 
CE decreased gradually as the HRT was reduced. This suggests that a 
large number of substrates may be used for anaerobic biodegradation, 
but only a small amount of oxidized substrates was available as electron 
donors for power generation (Subha et al., 2019; Tamilarasan et al., 
2017). 

There are three key aspects that control CE in an MFC, such as mi
crobial activity; competitiveness for electron donors; and dissolved ox
ygen concentration in the anode chamber (Cano et al., 2021). CE is 
reduced when some substrates are used for anaerobic processes like 
methane production and fermentation rather than for the metabolism of 
electroactive bacteria (Subha et al., 2019; Zhuang et al., 2012). 

3.2.2. Nutrient removal 
NH4

+ (ammoniacal nitrogen), NO3
− (nitrate) and TN concentration in 

raw wastewater and effluent was monitored. The obtained results are 
presented in Table 3. 

The results obtained suggest a low ammonia removal efficiency. The 
nitrification is considered the main pathway for the transformation of 

NH4
+ into NO3

− (Rout et al., 2021). Table 3 demonstrates the presence of 
DO in MFC effluent due to the cathode contact with atmospheric air. 
These conditions do not permit nitrification, since it requires an aerobic 
environment with DO levels above 1.5 mg L− 1 (Nguyen and Babel, 
2022). 

The low amount of ammonia removal observed could be attributed 
to volatilization through the air–cathode. The hydroxide ions produced 
during the ORR at the cathode promote a localized pH increase near the 
cathode (Rossi et al., 2022; Zhuang et al., 2012). The effluent was 
collected near to cathode and showed pH values equal to 7.90 ± 0.24, 
8.04 ± 0.28, and 8.03 ± 0.2 during strategies I, II and III, respectively. 
Moreover, according to Motoyama et al. (2021), when the electric po
tential of the anode is high enough, chloride ions in the wastewater can 
be oxidized to form chlorine, which is then hydrolyzed to hypochlorous 
acid. This acid can further react with ammonia, resulting in a reduction 
in ammonia concentration. 

At the same time, the nitrate and acetate show minor concentrations 
after the MFC treatment (Table 3). This could indicate that the dominant 
pathway for acetate metabolism in nitrate-reducing cultures was deni
trification (Coby et al., 2011). The increase in alkalinity concentration 
observed in the effluent (Table 3) further supports the idea of the 
denitrification process, that occurs in anaerobic environment (Nguyen 
and Babel, 2022). The TN concentration in effluent corroborates with 
these findings. To elucidate the reason for nitrogen compound removal 
in the MFCs, it is suggested to analyze microbial communities present in 
the biofilms on the surface of anode through genetic sequencing. 

The orthophosphate (PO4
3− ) removal was not identified in this pre

sent study. This is due to the fact that biological phosphorus accumu
lation in excess-sludge biomass is mainly conducted by phosphorus 
accumulating organisms (PAO), which requires alternating aerobic/ 
anaerobic conditions (Metcalf, 2014). Since the MFC is an anaerobic 
reactor, PAO are unable to perform their function of degrading the 
polyphosphate, leading to the release of orthophosphates into the 
environment. This fact could explains the increase in phosphorous 

Table 3 
Physical-chemical characterization of the raw wastewater and effluent of each 
strategy during MFC operation.  

Parameter  Raw 
wastewater 

Effluent 
strategy I 

Effluent 
strategy II 

Effluent 
strategy III 

CODT mg 
L− 1 

634.33 ±
15.87 

643.2 ±
17.65 

636.7 ±
13.84 

650.3 ±
16.69 

NH4
+ mg 

L− 1 
47.18 ±
4.18 

45.26 ±
2.81 

46.03 ±
6.05 

45.89 ±
2.70 

NO3
− mg 

L− 1 
0.05 ± 0.03 0.03 ±

0.01 
0.04 ±
0.01 

0.03 ±
0.02 

TN mg 
L− 1 

49.91 ±
3.03 

47.67 ±
8.64 

49.50 ±
5.18 

49.19 ±
1.29 

PO4
3- mg 

L− 1 
6.31 ± 0.43 6.70 ±

0.65 
6.81 ±
0.40 

6.43 ±
0.48 

SO4
2- mg 

L− 1 
22.92 ±
11.24 

18.87 ±
0.93 

17.57 ±
6.40 

8.80 ±
2.96 

Cl− mg 
L− 1 

101.35 ±
10.63 

147.45 ±
9.24 

143.99 ±
3.71 

144.90 ±
6.27 

Acetate mg 
L− 1 

143.08 ±
10.82 

88.85 ±
4.18 

89.59 ±
9.37 

82.42 ±
10.70 

Alkalinity mg 
L− 1 

341.41 ±
83.90 

744.40 ±
20.30 

522.22 ±
73.70 

444.44 ±
22.22 

pH – 7.45 ± 0.29 7.90 ±
0.24 

8.04 ±
0.28 

8.03 ±
0.21 

Conductivity mS 
cm− 1 

1.43 ± 0.09 1.42 ±
0.06 

1.35 ±
0.07 

1.31 ±
0.04 

TSS mg 
L− 1 

20.21 ±
12.92 

27.83 ±
16.92 

13.67 ±
9.82 

17.00 ±
13.11 

DO mg 
L− 1 

4.08 ± 0.76 0.85 ±
0.42 

0.88 ±
0.17 

0.34 ±
0.37 

Temperature ◦C 27.40 ±
1.19 

28.16 ±
0.70 

27.65 ±
0.97 

28.40 ±
1.52 

CODT – chemical oxygen demand; TN – total nitrogen; | SS – total suspended 
solids; TDS – total dissolved solids; DO – dissolved oxygen. 
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concentration in the effluent. To date, previous studies have demon
strated the utilization of alternatives electron acceptors in the cathode 
(NO3

− , PO4
3− , SO4

2− ) aiming the removal or nutrient recovery (Wu et al., 
2021; Yang et al., 2019). 

In addition, the presence of other electron acceptors in the waste
water, such as sulfate, nitrate, and dissolved oxygen, hinders the com
plete utilization of COD for electricity production during MFC operation 
(Su et al., 2018; Subha et al., 2019). For example, the nitrate ions can be 
converted into molecular nitrogen by denitrification. The COD concen
tration could be used in this process instead of power generation, 
lowering the CE, since this process needs a carbon source (Marassi et al., 
2020b). 

3.3. Phytotoxicity assessment 

To the best of the authors’ knowledge, this study is the first to apply a 
toxicity tool to evaluate the degree of toxicity for MFC treating munic
ipal wastewater. Compared to the negative control, the GI of the test 
L. sativa seed submitted to the raw wastewater without dilution was 
40.33% (Fig. 5). The GI of lettuce seedlings exposed to MFC treated 
wastewater was higher than that of lettuce seeds exposed to raw 
wastewater, except for strategy III (Fig. 5). Therefore, it could be 
assumed that the treatment during strategy I (HRT = 12 h) and strategy 
II (HRT = 8 h) showed the ability to drop phytotoxic effect present in the 
raw wastewater. 

Root elongation can be more sensitive to chemical compound 
exposure compared to seed germination, as demonstrated by (Lyu et al., 
2018). Based on this, a toxicity test was conducted on all effluent sam
ples using a concentration series of 100%, 75, 50%, and 25% (Table 4). 
In terms of the EC50, root growth inhibition was observed in the raw 
wastewater (100%) and MFC effluent from strategy III (100%), indi
cating phytotoxicity for these samples. The wastewater treated by MFC 
during strategies I and II showed a reduction in toxic potential since it 
was not possible to calculate the EC50 for those samples. 

The phytotoxic effects produced by wastewater result from a com
bination of several factors, including the presence of heavy metals, 
ammonia, high concentrations of ions and volatile organic acids (França 
Figueiredo et al., 2022; Fuentes et al., 2006). In this study, the observed 
phytotoxicity could be attributed for zinc, nickel, copper, manganese 
and iron, utilized in the micronutrient solution for synthetic wastewater 
production. These micronutrients are essential for plants growth but can 
be toxic at high concentrations, depending on the medium used (Lyu 
et al., 2018). 

In the present work, the results of phytotoxicity and physicochemical 
wastewater characterization were in agreement. The toxic effect 
assessed across GI could be explained by ammonia presence. Fuentes 

et al. (2006) have reported that the presence of ammonia in anaerobic 
sludges could have a negative influence on seed germination and 
growth. However, the concentration of NH4

+ was found to be lower after 
the treatment, which could explain the increase in GI observed in 
strategy I and II. Considering the wastewater treatment, the strategy I 
showed the best performance, and a significant difference in GI was 
found. Therefore, it might be suggested that strategy I produced an 
effluent with lower toxic potential. 

However, wastewater treatment does not always lead to a reduction 
in effluent toxicity and may, in some cases, even increase it (Yu et al., 
2019). In this study, strategy III showed the worst performance for 
wastewater treatment. This result reflects in phytotoxicity removal. This 
finding could be explained by the synergism effect of various pollutants 
present in the effluents, which may have contributed to the development 
of harmful intermediates during the fast treatment under 4 h (França 
Figueiredo et al., 2022; Gerber et al., 2017). 

Our findings are consistent with prior research on the toxicity of MFC 
effluents, indicating the potential of toxicity reduction (Lutterbeck et al., 
2020; Marassi et al., 2020a). The Lactuca sativa ecotoxicity assay sup
ports the conclusion that an HRT of 12 h could be considered optimal for 
this study and could be applied as a complementary method to routine 
analysis to gather toxicological information. 

3.4. Implications in the integration of MFC in the wastewater treatment 
system 

The development of this research aimed to mimic the actual condi
tions of conventional WWTPs. Therefore, continuous mode flow, HRT, 
and OLR values aligned with this proposal were employed. Generally, 
researchers employ batch operation in MFC due to the ease of operation. 
However, several authors show less efficiency in this model due to less 
time available for biological activity (Bird et al., 2022). Thus, obtaining 
optimal performance in continuous flow can be considered a challenge 
in MFC technology. 

In addition, scaling up the MFC up to 2 L and increasing the electrode 
area to 132 cm2 aims to contribute to applying the technology in prac
tical situations. These values are higher than commonly reported values 
in the literature (Yu et al., 2021). Marassi et al., 2020a) have operated a 
MFC with a similar configuration and size in batch mode with dairy 
effluent, achieving The current density ranged from 210 to 125 mA m− 3, 
similar to that obtained in this present research. Moreover, the inocu
lation procedure utilized anaerobic sludge from WWTP, demonstrating 
the feasibility of MFC for integrating the MFC into the wastewater 
treatment infrastructure (Ghangrekar and Shinde, 2008). 

From this perspective, the MFC could be operated as a primary 
effluent treatment (He et al., 2019). According to Metcalf (2014), pri
mary effluent treatment typically achieves a COD removal efficiency of 
25% to 40%. Further treatment technologies may be necessary to meet 
environmental regulations, mainly for remaining COD and nutrients. 

Therefore, applying MFC for wastewater treatment will change the 
wastewater and energy sectors, transforming WWTPs from elevated 

Fig. 5. Germination Index of L. sativa seeds for raw wastewater and different 
treatment strategies. 

Table 4 
Phytotoxicity effects on L. sativa root elongation (cm), expressed as EC50.  

Sample Tested effluent concentration (%) EC50(%) 

25 50 75 100 

Raw 
wastewater 

1.61 ±
0.70 

1.59 ±
0.62 

1.05 ±
0.40 

0.73 ±
0.25 

87.72 

Effluent I 2.06 ±
0.63 

1.30 ±
0.40 

1.25 ±
0.42 

1.20 ±
0.37 

Not 
calculablea 

Effluent II 1.15 ±
0.24 

0.97 ±
0.27 

0.86 ±
0.14 

0.83 ±
0.27 

Not 
calculablea 

Effluent III 1.21 ±
0.57 

1.16 ±
0.51 

0.92 ±
0.28 

0.59 ±
0.30 

82.09  

a It was not possible to calculate the EC50, because even when exposed to 
100% of the sample there was no effect on 50% of the organisms. 
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energy consumers into sustainable energy producers. Future research 
should enhance the technology’s energy generation and storage capa
bilities before integrating it into WWTPs. 

4. Conclusion 

The study provides insights about the HRT on the performance of a 
scaled-up air-cathode MFC operating in continuous flow mode. The re
sults demonstrated that longer HRTs lead to significantly improved MFC 
performance, including higher power density, coulombic efficiency, and 
COD removal, as well as reduced effluent toxicity. These findings have 
important implications for the configuration and operation of MFCs, as 
they suggest that longer HRTs can enable more efficient and effective 
wastewater treatment and increased electricity generation. Further
more, applying toxicity tools is an excellent alternative to improve the 
monitoring of MFC effluent quality, which can enhance the overall 
reliability and effectiveness of MFC-based wastewater treatment sys
tems, mainly for WWTPs. Moreover, the MFC effluent characteristics 
indicated that the assessed MFC could be applied as a first-step treat
ment unit in a WWTP. Future research should focus on further 
improving the COD and nutrient removal efficiency of MFCs and 
exploring new approaches for recovering the electricity produced. 
Altogether, our study highlights the potential of air–cathode MFCs as a 
promising technology for sustainable wastewater treatment and energy 
production. 
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effluents from swine slaughterhouses using lettuce and cucumber seeds as 
bioindicators. Sci. Total Environ. 592, 86–90. https://doi.org/10.1016/J. 
SCITOTENV.2017.03.075. 

Ghangrekar, M.M., Shinde, V.B., 2008. Simultaneous sewage treatment and electricity 
generation in membrane-less microbial fuel cell. Water Sci. Technol. 58, 37–43. 
https://doi.org/10.2166/WST.2008.339. 

Haavisto, J.M., Kokko, M.E., Lay, C.H., Puhakka, J.A., 2017. Effect of hydraulic retention 
time on continuous electricity production from xylose in up-flow microbial fuel cell. 
Int. J. Hydrogen Energy 42, 27494–27501. https://doi.org/10.1016/J. 
IJHYDENE.2017.05.068. 

He, W., Dong, Y., Li, C., Han, X., Liu, G., Liu, J., Feng, Y., 2019. Field tests of cubic-meter 
scale microbial electrochemical system in a municipal wastewater treatment plant. 
Water Res. 155, 372–380. https://doi.org/10.1016/J.WATRES.2019.01.062. 

Hiegemann, H., Littfinski, T., Krimmler, S., Lübken, M., Klein, D., Schmelz, K.G., 
Ooms, K., Pant, D., Wichern, M., 2019. Performance and inorganic fouling of a 
submergible 255 L prototype microbial fuel cell module during continuous long-term 
operation with real municipal wastewater under practical conditions. Bioresour. 
Technol. 294, 122227 https://doi.org/10.1016/J.BIORTECH.2019.122227. 

Huang, S.-J., Dwivedi, Kavya, A., Kumar, S., Wang, C.-T., 2022. Multiwall carbon 
nanotubes–coated graphite-felt anode for efficient removal of ciprofloxacin from 
domestic wastewater in dual-chambered microbial fuel cells. J. Environ. Eng. 148, 
04022022 https://doi.org/10.1061/(ASCE)EE.1943-7870.0001991. 

Jeremias, T.C., 2019. Estudo do potential de biossorventes de baixo custo para 
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