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Abstract
Microbial fuel cells are innovative technologies that can efficiently remove chemical oxygen demand and biochemical oxygen 
demand, while simultaneously generating electricity, with a minimal environmental footprint. High efficiencies have recently 
been achieved for the treatment of low-strength wastewater. However, in treatment of a real high-strength wastewater, such 
as dairy effluent, the efficiency decreases drastically due to operational instability associated with environmental fluctua-
tions, difficulty of maintaining the run for long periods, and fouling. In order to overcome these issues, a new initialization 
method was developed, with a start-up phase employing an inoculum composed of a consortium of fermenting and metal-
reducing bacteria, followed by acclimation and treatment phases. The protocol employed enabled removal of 90% of total 
biochemical oxygen demand, 62% of total chemical oxygen demand, 72% of total Kjeldahl nitrogen, 71% of sodium, and 
65% of ultraviolet absorbing substances from dairy wastewater. Furthermore, the microbial fuel cell produced maximum 
power densities of 1.45 W/m3 in the acclimation phase and 1.32 W/m3 in the treatment phase. The findings demonstrated 
that microbial fuel cells powered by real high-strength dairy wastewater can achieve high efficiencies.

Keywords Dairy wastewater · Wastewater treatment · Energy recovery · Clostridium butyricum · Shewanella oneidensis · 
Bioelectrochemical systems

Introduction

The need for protection of the aquatic environment is 
acknowledged worldwide, with practices for the safeguard-
ing of water bodies being required in all industrial sectors. 
The dairy industry is among those that most impact the 
aquatic environment, because it produces large volumes of 
effluent that is sometimes improperly discharged. Depend-
ing on infrastructure and local conditions, the dairy industry 
can produce up to 10 L of industrial wastewater per liter of 
processed milk. This wastewater, called dairy wastewater, 
has a high organic load (mainly carbohydrates, proteins, and 
lipids) and high concentrations of inorganic nutrients, nota-
bly sodium, potassium, phosphorus, and nitrogen (Kibena 
et al. 2013; Karadag et al. 2015; Kasmi 2018). Consequently, 
if improperly discharged into water bodies, it can cause 
dissolved oxygen depletion, eutrophication, and aquatic 
toxicity.

Generally, dairy wastewater is treated by physical–chemi-
cal and/or aerated biological processes, which are expensive 
because they require energy and oxygen supplementation 
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(Borbón et al. 2014; Kasmi et al. 2018). However, due to 
capacity of some electroactive microorganisms to metab-
olize organic matter and nutrients in complex substrate 
(Nimje et al. 2012; Cecconet et al. 2018), this wastewater 
can be used more sustainably. For example, it can be used as 
a substrate for anaerobic bioprocesses that degrade the bio-
mass present in the wastes, with simultaneous energy recov-
ery, as in the case of microbial fuel cells (MFCs) (ElMekawy 
et al. 2015; Gude 2016; Vilas Boas et al. 2019).

MFCs use exoelectrogenic (also called electrochemically 
active) microorganisms as catalysts (Logan et al. 2006; Do 
et al. 2018). These microorganisms grow in anaerobiosis 
at the anodic surface of the MFC, producing protons  (H+) 
and electrons from biological oxidation of the assimilable 
organic matter. The protons diffuse into the cathode through 
the proton-exchange membrane, while the electrons flow 
through an external circuit. When oxygen from air is used 
as the electron acceptor, the MFC is called single compart-
ment or air cathode (Rabaey and Verstraete 2005; Santoro 
et al. 2017; Zhang et al. 2019).

The organic matter oxidation reactions performed by exo-
electrogenic microorganisms are complex, but in the final 
process, the anode electrode captures the exogenous elec-
trons (Sathishkumar et al. 2018). There are several factors 
that affect the bioelectricity generation efficiency, such as 
the MFC architecture (Amari et al. 2015; He et al. 2017), 
the electrode material (Hidalgo et al. 2016), the wastewater 
substrate (Pandey et al. 2016), the inoculum (Nimje et al. 
2012), and the acclimation as well as feeding methods 
(Zhang et al. 2011; Oliveira et al. 2013). Although the latter 
have been the least studied in terms of bioelectricity pro-
duction or organic load removal, the start-up and acclima-
tion process could improve the MFC performance. For this 
reason, it is necessary to include strategies for start-up and 
acclimation, in order to improve the performance of MFCs 
fed with high-strength wastewater. For example, during the 
start-up phase, a specific microbial consortium can be used 
to prevent methanogenic metabolism, while in the acclima-
tion phase, a co-substrate can be used to gradually increase 
the organic load.

The present work investigates the electrochemical per-
formance and treatment efficiency during different phases 
for an MFC bioreactor fed with dairy wastewater in semi-
continuous mode. The MFC bioreactor was strategically 
inoculated with an electrogenic consortium of the bacteria 
Clostridium butyricum and Shewanella oneidensis, without 
control of the endogenous microorganisms. The ferment-
ing and electroactive strain (C. butyricum) was capable of 
degrading long-chain substances (such as fatty acids and 
proteins), generating metabolites that could be harvested 
by the dissimilatory metal-reducing strain (S. oneiden-
sis) (Marassi et al. 2019). Previously (Nimje et al. 2012) 
showed that a MFC fed by unsterilized dairy wastewater 

with S. oneidensis produced the highest substrate degrada-
tion, current generation, and coulombic efficiency compar-
ing with MFC fed by sterilized dairy wastewater inoculated 
with S. oneidensis or only fed with dairy wastewater (with 
its endogenous microflora). The results were attributed to 
the association of endogenous microbes and S. oneidensis. 
For these reasons, our work was conducted without control 
of the endogenous, hence taking advantage of synergy with 
C. butyricum and S. Oneidensis.

A tubular MFC bioreactor with internal circulation was 
used to enhance the bioelectrochemical conversion. The per-
formance of the system was monitored using measurements 
of soluble chemical oxygen demand (SCOD), total chemi-
cal oxygen demand (TCOD), open circuit voltage (OCV), 
maximum power (pmax), pH, and conductivity. This study 
was conducted during August (2018) to December (2018) 
in the Environmental Science Laboratory of the Engineer-
ing School of Lorena (University of Sao Paulo) and in the 
Electrochemistry and Energy Laboratory of the School of 
Industrial Metallurgical Engineering (Federal Fluminense 
University).

Materials and methods

Dairy wastewater

The dairy wastewater was collected using composite sam-
pling at the entrance of the wastewater treatment plant of a 
dairy cooperative in Rio de Janeiro State, Brazil. The sam-
ples were filtered through a 0.85-mm sieve and were then 
stored under refrigeration, at 4 °C, prior to the subsequent 
experiments.

Design, start‑up, and MFC operation

The tubular air-cathode microbial fuel cell was constructed 
from acrylic, with an anode volume of 500 mL (18.0 cm 
height × 6.0  cm diameter) and cathode nominal area of 
28.3 cm2. The MFC was operated vertically, and the inlet and 
outlet ports of the anode compartment were assembled from 
glass tubes (0.5 cm internal diameter), with valves for flow 
control. Graphite rods (12 pieces, 18.5 cm height × 0.5 cm 
diameter) attached to the carbon cloth, without platinum 
catalyst (Fuel Cell Store, College Station, TX, USA), were 
used as the anode electrode. The cathode was composed of 
carbon cloth with a platinum catalyst loading of 0.5 mg Pt/
cm2 (Fuel Cell Store). A Nafion  117® membrane (Fuel Cell 
Store) separated the anode and the cathode, as shown in Fig. 
A1. These components were previously washed with  H2O2 
(3%, v/v) and subsequently with 0.5 mol/L  H2SO4 for 1 h 
at 80 °C, followed by keeping in deionized water until the 
experiments.
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The inoculum consortium was prepared with S. oneideni-
sis MR-1 strain ATCC 700550 (ATCC, Manassas, VA, USA) 
and C. butyricum strain 7470 (André Tosello Foundation, 
Campinas, Brazil). The organisms were activated by incuba-
tion in Luria–Bertani (LB) medium at 30 °C, 150 rpm, for 
18 h, and in reinforced clostridium medium in an 19AIC 
incubator (Sanyo, Gunma, Japan) at 30 °C, 10%  CO2, for 
24 h, respectively. The inoculum solution for the start-up 
was prepared from the consortium solution of synthetic 
medium and 10% of unsterilized dairy wastewater. The syn-
thetic medium was prepared from acetate solution containing 
sodium acetate  (NaC2H3O2, 1.0 g/L), ammonium chloride 
 (NH4Cl, 0.15 g/L), magnesium sulfate  (MgSO4, 0.015 g/L), 
calcium chloride  (CaCl2, 0.02 g/L), sodium hydrogen car-
bonate  (NaHCO3, 0.1 g/L), potassium phosphate monoba-
sic  (KH2PO4, 0.53 g/L), and potassium phosphate dibasic 
 (K2HPO4, 1.07 g/L). Addition was also made of Wolfe’s 
mineral medium (10 mL/L) and Wolfe’s vitamin medium 
(10 mL/L) (Kelly and He 2014). In order to obtain  OD600 
(optical density measured at a wavelength of 600 nm) of 0.1 
at start-up, 13 mL of S. oneidenis suspension and 19 mL 
of C. butyricum suspension were inoculated into the MFC.

The MFC bioreactor was operated with internal circula-
tion using up-flow mode (5 mL/min) during 105 days in 
semi-continuous feed mode, using peristaltic pumps (Models 
323S and 120S, Watson-Marlow, Falmouth, Cornwall, UK). 
The intermittent feeding was performed every 48 h on the 
top of MFC, with the exchange of 75 mL at a flow rate of 
1 mL/min (Fig. A1). The operation protocol was divided 
into three phases; the start-up phase (15 days) lasted from 
inoculation until stabilization of the open circuit voltage 
(OCV) at 530 mV, with  OD600 of 0.77 ± 0.01. (Figure A2 
shows the optical micrograph of aliquot sampled in these 
circumstances.) The start-up phase was followed by Phase 
1 (30 days) and Phase 2 (60 days). The dairy wastewater 
concentration was gradually increased, starting from 10% in 
synthetic medium (start-up Phase), followed by 25% dairy 
wastewater plus 75% synthetic medium (Phase 1), and finally 
100% dairy wastewater (Phase 2). During the operation, 
MFC was kept in an incubator under a fixed external resist-
ance of 1000 Ω, 30 ± 0.5 °C and humidity of 20–30%.

Chemical and physical–chemical analyses

During the operation, various physical–chemical param-
eters were monitored weekly, in triplicate. After the MFC 
treatment, the chemical analyses were performed using 
five replicates. These analyses were conducted according 
to the standard methods for the examination of water and 
wastewater (APHA 2012) (Table A1), considering total 
solids (TS), total fixed solids (TFS), total dissolved solids 
(TDS), total volatile solids (TVS), and volatile dissolved 
solids (VDS). Total chemical oxygen demand (TCOD) and 

soluble chemical oxygen demand (SCOD) were analyzed 
by a colorimetric method in a closed system, using a spec-
trophotometer (Model UV-1800, Shimadzu, Kyoto, Japan). 
Particulate chemical oxygen demand (PCOD) was calcu-
lated as the difference between TCOD and SCOD. Total 
biochemical oxygen demand (TBOD) was determined by 
a respirometric method, using a BOD EVO sensor system 
(VELP Scientifica, Usmate, Italy). Total nitrogen (NKT) was 
analyzed by the Kjeldhal method. Total phosphorus (TP) and 
soluble phosphorus (SP) were determined by a colorimetric 
method using nitro-sulfuric digestion. Total alkalinity was 
measured by a titrimetric method, electrical conductivity by 
conductimetry, pH by potentiometry, and turbidity by neph-
elometry. Absorbance spectra of the soluble fractions were 
obtained using a UV-1800 spectrophotometer, with scanning 
between wavelengths of 200 and 650 nm. The soluble frac-
tions of Na (sodium) and K (potassium) were determined 
by flame (air acetylene) atomic absorption spectrometry, 
using a SpectrAA 55B instrument (Agilent, Santa Clara, CA, 
USA), following filtration of the samples through 0.45-μm 
filters (Millipore, Burlington, MA, USA).

Electrochemical analyses

The polarization curves (E vs. i) and open circuit voltage 
curves (OCV, voltage measured without external electronic 
load) were obtained weekly using a KFM 2005 impedance 
meter (Kikusui, Yokohama, Japan) controlled by FCtest 
software. E versus i curves were obtained by measuring the 
voltage at every 0.035 A/m2 interval between 0.035 A/m2 
until 2.0 A/m2; at each current, step the equilibrium time 
was 2 s. The current was normalized by the cathodic area, 
while the power was normalized by the anodic volume. The 
maximum current density (imax, the current when voltage 
tends to zero, since voltage is inversely proportional to the 
output current) and the maximum volumetric power den-
sity (pmax, a couple of voltage and current that delivers the 
maximum power) were extracted from plots of E versus i 
and p versus I, respectively. The internal resistance (Rint) was 
calculated using the slopes of the fitted polarization curves 
(Logan et al. 2006). Prior to the electrochemical measure-
ments, the external resistance of 1000 Ω was removed and 
an interval of 30 min was allowed for stabilization of the 
cell potential (Ecell).

Statistical analyses and calculation

Statistical analyses of the  CODout versus time,  STout versus 
time, and the efficiency of the treatment were performed 
using the Kruskal–Wallis nonparametric test followed by the 
Student-Newman multiple comparisons test, with p < 0.05. 
SCOD and TCOD were determined in single samples col-
lected at sampling ports 1, 2, and 3 (Fig. A1), using n = 3. 
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Statistical analyses of the physical–chemical parameters, 
after stabilization in Phase 2 (from the 100th to the 105th 
day), were performed using n = 5.

The specific COD removal, ξr, was calculated as follows:

where Cin and Cout are the inlet and outlet concentrations 
(mg/L), respectively.

The removal rate, R, was calculated as follows:

where  CODin and  CODout are the COD entering and leaving 
the system, respectively, and t is the operation time.

The efficiency of conversion of the substrate to electric 
energy was calculated using the coulombic efficiency (CE):

where i is the current at a residence time t, ΔCOD is the 
change in the COD (removal of COD), M is the molar mass 
of oxygen gas, F is the Faraday constant (96,485 C/mol), 
b is the number of electrons (4) permeated by the  Nafion® 
membrane, and V is the anodic volume of the reactor (Logan 
et al. 2006).

The specific power production, ξp, was calculated as 
follows:

where p is the power generated at the operating time and 
ΔSCOD is the consumption of substrate at the same time 
(Mohanakrishna et al. 2010; Venkata Mohan et al. 2010).

Results and discussion

Influence of the operating phases 
on electrochemical performance

The electrochemical performance (current and power gen-
eration) was evaluated during the start-up phase (15 days), 
Phase 1 (30 days), and Phase 2 (60 days), using the polariza-
tion curves (E vs. i) to obtain OCV, imax, Rint, and pmax.

The electrochemical polarization curves obtained during 
these phases showed similar trends, with the predominance 
of ohmic drop, indicating a smaller influence of activation 
losses at low current density, as well as a smaller influence 
of concentration losses at high current density (Fig. 1a, 
A3) (Logan et al. 2006; Koók et al. 2018). As reported 

(1)�r (%) =
Cin − Cout

Cin

(2)R =
(CODin − CODout)

t

(3)CE =
∫ t1

t0
idt

F × b × (ΔCOD) × V
×M

(4)�p =
p

ΔSCOD

previously, the activation and concentration losses may 
have been overcome by suitable acclimatization and start-up, 
while concentration losses can be suppressed by semi-con-
tinuous fed, under internal recirculation (Faria et al. 2017).

The OCV was measured after stabilization of the potential 
(at i = 0; Fig. 1a, A3) by removing the external resistance. 
Since the MFC was the air-cathode type, the main changes 
in the OCV could be attributed to anodic interactions, such 
as adhesion of microorganisms on the anode (Hidalgo et al. 
2016), as well as the substrate concentration, its buffering 
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capacity, and its compatibility with the inoculum (Nimje 
et al. 2012; Elakkiya and Matheswaran 2013). Other influ-
ences include the amounts of phosphorus and nitrogen, 
and the conductivity of the anodic solution (Penteado et al. 
2016). Despite this dependence, associated with the com-
plexity of the substrate, the MFC showed high OCV values 
during the different phases of 530 mV after 15 days (start-
up), 510 mV after 43 days (Phase1), and 470 mV after 
72 days (Phase 2).

The imax value was measured at the end of the polariza-
tion (Ecell = 0; Fig. 1a, A3). The MFC also delivered high 
current densities of 1.59 A/m2 (start-up), 1.94 A/m2 (Phase 
1), and 1.80 A/m2 (Phase 2). Although the system showed 
changes of up to 32% for the OCV and imax, the changes 
in the internal resistances were low, ranging from 94 to 
115 Ω, resulting in only 18% of resistance variation dur-
ing operation time. According to Ieropoulos et al. (2010), 
internal solution flows in the anode contribute to maintain-
ing the internal resistance without big changes, because it 
prevents the formation of a thick biofilm. In Fig. 1c, the 
results denote these phenomena, since the internal resistance 
remains unchanged during Phase 2 until 95 days, suggesting 
the internal circulation prevented the excessive biofouling 
formation at the carbon cloth/membrane interface. However, 
after this period, the internal resistance increased as a result 
of biofouling on both anode and cathode. Even if an internal 
circulation shows advantageous initial characteristics, the 
MFC stability in longer terms remains of concern due to 
biofouling, induced by the interaction of the electrode sur-
face with certain metabolic by-products such as extracellular 
polymers and molecules. It is well known that membrane 
biofouling cause overall adverse impact on electrochemical 
performance of MFCs because biofouling can hinder the 
ion transport to and from the cathode, reducing the protons 
ions diffusion from the anode to the cathode, resulting in an 
increase in the internal resistance of the MFC (Kim et al. 
2016; Pinto et al. 2018).

The power density curves showed typical profiles in 
all the phases (Fig. 1b, A4). The maximum power density 
(pmax) changed from 0.84 to 1.45 W/m3, with the best value 
reached in 43 days, at which time the highest values of imax 
and Rint were also reached. In Phase 2, although the power 
was reduced due to the raw effluent inflow, the MFC reached 
pmax of 1.33 W/m3. This value was higher than reported pre-
viously for air-cathode MFCs fed with dairy effluent. Nimje 
et al. (2012) obtained a value of 0.41 W/m3 using an inocu-
lum of S. oneidensis with dairy wastewater, while Venkata 
Mohan et al. (2010) obtained a power density of 1.1 W/m3 
using anaerobic sludge as the inoculum. Faria et al. (2017) 
obtained 1.9  W/m3 using an inoculum selected from a 
municipal treatment plant, but instead of an air cathode, a 
ferrocyanide cathode in phosphate buffer was used, which 
is a recognized chemical electron quencher. It is possible to 

improve power generation by boosting either the anode or 
the cathode solutions, as shown by Cecconet et al. (2018), 
who achieved 27 W/m3 using a methanogen inhibitor in the 
anode fed with dairy effluent, with a treatment plant inocu-
lum and oxygen-saturated phosphate buffer in the cathode.

Relation between substrate degradation and power 
production

The TCOD, SCOD, OCV, and pmax parameters were moni-
tored during 105 days of semi-continuous mode operation. 
At start-up, the MFC was fed with the synthetic medium 
plus 10% dairy wastewater, resulting in 1350 mg/L of TCOD 
and 980 mg/L of SCOD, until reaching OCV of 530 mV and 
pmax of 1.31 W/m3, after 15 days (Fig. 2a).

On the 16th day, acclimatization of the electrogenic 
microorganisms (Phase 1) was started by adding 25% of 
dairy wastewater and 75% of the nutrient solution, with 
this mixed substrate resulting in 2123 ± 73 mg/L of TCOD 
and 1385 ± 22 mg/L of SCOD. Between the 16th and 28th 
days, significant differences were found for both TOCD 
and SCOD (p < 0.05, Kruskal–Wallis test). However, 
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there was no significant difference between the 28th and 
43rd days (p > 0.05) (Fig. 2a). In the Phase 1, there were 
small decreases in OCV and pmax to 472 mV and 1.14 W/
m3, respectively (Fig. 2b). However, the system gradually 
recovered, with OCV reaching 510 mV and the absolute 
power density reaching the best value of 1.45 W/m3 on 
the 43rd day. Despite the initial decay in the bioelectro-
activity, the substrate oxidation followed a first-order 
trend (R2 = 0.961) for TCOD and SCOD, until reaching 
966 ± 18 and 580 ± 74 mg/L, respectively, on the 30th day, 
corresponding to removal rates of 77.1 ± 1.2 mg/L day for 
TCOD and 53.6 ± 3.6 mg/L day for SCOD.

Phase 2 started on the 45th day, with the bioreactor 
being fed with raw dairy wastewater, so the input con-
centrations changed to 5209 ± 113 mg/L of TCOD and 
1544 ± 38 mg/L of SCOD. The dairy wastewater added on 
the 52nd day caused TCOD to change to 2171 ± 125 mg/L 
and SCOD to change to 1026 ± 54 mg/L (Fig. 2a). How-
ever, the TCOD concentration was lower on the 58th day 
and subsequently stabilized, with no significant difference 
(p > 0.05) until the end of the operation. On the other hand, 
the SCOD concentration presented two ranges of values 
with significant differences (p < 0.05), considering the 
periods from the 52nd day to the 69th day, when statis-
tically equal values between 1026 and 1063 mg/L were 
obtained, and from the 86th to the 101st day, with values 
between 783 and 848 mg/L, which were the best values 
obtained during the operation fed with dairy wastewater. 
Since the bioreactor was only fed with dairy wastewater 
during this period, the concentrations of TBOD were 
determined on the 70th and 101st days, with values of 
876 ± 90 mg/L and 260 ± 200 mg/L obtained, respectively. 
It could be inferred from these findings that removal of the 
biologically oxidizable organic matter continued during 
the extended operating period.

In terms of bioreactor performance, a small decrease was 
again observed, with OCV decreasing to 370 mV and pmax 
decreasing to 0.84 W/m3 (Fig. 2b). Although the reduction 
in electroactivity was higher in Phase 2 than in Phase 1, the 
electrochemical performance of the bioreactor recovered 
on the 66th day, since OCV shifted to 460 mV and pmax 
changed to 1.25 W/m3. The bioreactor remained stable for 
a long time, until the 86th day, when high OCV of 456 mV 
was obtained and the best power density of 1.32 W/m3 was 
achieved (Fig. 2b). Even though the bioreactor obtained 
high power density, it was difficult to maintain this power 
over than 86 days using high-strength dairy wastewater, due 
to fouling developing at the anode and cathode surfaces. 
Moreover, in the present work, it was observed the forma-
tion of salt crystals on the connector surface after the 86th 
day, which could have reduced the power density generation, 
since the presence of oxidation products on the connectors 
would increase the local electric resistivity.

It was expected that the increase in TCOD would be asso-
ciated with a decrease in bioelectricity generation, due to the 
high strength and complexity of the substrate. However, the 
bioreactor recovered both bioelectricity generation and deg-
radation of the substrate during the operation. Zhang et al. 
(2011) reported that MFC acclimation using non-fermenta-
ble substances, which are well metabolized by microorgan-
ism, followed by feeding fermentable materials, required a 
longer time recovery than when the MFC was acclimated 
with fermentable substances, followed by feeding easily 
assimilated material. The proposal of the present study is 
that the bioreactor should be acclimated with a mixed sub-
strate (consisting of non-fermentable and fermentable sub-
stances), such as dairy wastewater diluted in acetate solution.

It is well known that neutral pH, high conductivity, and 
low internal resistance favor the electrochemical perfor-
mance of MFCs (Mohanakrishna et al. 2018). On the other 
hand, pH deviating from the biological value results in 
reductions in COD removal and energy generation (Elakkiya 
and Matheswaran 2013). Therefore, before adding the sub-
strate to the bioreactor during start-up, Phase 1, and Phase 2, 
the pH of the feeding solution was adjusted to around pH 7.0, 
in order to ensure the biological value. Figure 3 shows the 
changes in pH and conductivity during the different phases. 
At start-up, the pH remained between 6.5 and 6.8. However, 
in Phase 1, the pH reached 7.8, so it needed to be corrected 
by gradually adding nutrient solution, in order to balance the 
pH of the bioreactor prior to Phase 2. At the beginning of 
Phase 2, the bioreactor pH remained at approximately 7.2, 
with only small fluctuations. The increase in pH could be 
explained by the flow of  H+ ions from the anode to the cath-
ode, through the proton-exchange membrane (Hidalgo et al. 
2016). The ionic conductivity reached a maximum of 5.8 
mS/cm in the start-up phase (Fig. 3). In Phase 1, it decreased 
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to 3.9 mS/cm, while from the 50th day to the 105th day 
(Phase 2), it stabilized between 3.9 and 4.2 mS/cm.

Conversion efficiencies of the dairy wastewater

The organic load removal efficiency (ξCOD) values for the 
period from the 28th day to the 43rd day (Phase 1) were in 
the ranges 38–64% in terms of SCOD (ξSCOD) and 43–54% 
in terms of TCOD (ξTCOD) (Fig. A5). In Phase 2, consider-
ing the period from the 58th day to the 101st day, ξSCOD 
and ξTCOD were in the ranges 12–50% and 63–72%, respec-
tively (Fig. A5). The average values were 53 ± 9% (ξSCOD) 
and 48 ± 5% (ξTCOD) for Phase 1, and 36 ± 14% (ξSCOD) and 
67 ± 4% (ξTCOD) for Phase 2. Therefore, the average ξSCOD 
removal values were not statistically different in the two 
phases. However, the ξTCOD values for the two phases were 
significantly different (p < 0.01), with the best performance 
for Phase 2.

Table 1 compares the performances of several MFCs fed 
with dairy wastewater. In terms of COD removal, the best 
results were obtained by Venkata Mohan et al. (2010), which 
attributed this good performance to the neutral pH condition 
in the anode compartment.

The performance obtained in the present work, with 
ξTCOD of 67 ± 4%, considering Phase 2, was of the same 
order of magnitude as the results reported by Faria et al. 
(2017) (Table 1). However, the TCOD value of the effluent 
used here was 1.6 times higher than that of the effluent used 
by Faria et al. (2017), which suggested that the consortium 
of fermentative microorganisms with metal reducers could 
achieve results similar to those obtained with an activated 
sludge inoculum.

Despite feeding the bioreactor with a high organic 
load, this work confirmed the high potential of MFCs for 

degradation of dairy wastewater, since the biodegradable 
organic matter removal efficiencies reached high ξBOD values 
of 66% (70th day) and 90% (101st day). These results were 
indicative of the stability of the bioreactor during long-term 
operation, since both TBOD and TCOD were improved over 
the operational period.

The coulombic efficiency (CE) was determined in terms 
of consumed TCOD and SCOD during Phase 2 (Table 1). 
The low CE of 1.5% from TCOD, 6.8% from SCOD, 
obtained after feeding the MFC with raw dairy wastewater 
by 60 days, can be explained by the presence of biofouling 
on the surface electrodes, which increases the internal resist-
ance of the bioreactor. Moreover, it is well known that CE 
is low in MFCs fed with high-strength organic load (Juang 
et al. 2012), as shown in Table 1, increasing the COD con-
centration results in dropping CE. On the other hand, as veri-
fied in this study, when the MFC was fed with diluted dairy 
wastewater, it was achieved better CE from TCOD values of 
5.8% on 30th day and 6.5% on 43rd day (Fig. A6). At last, 
the low CE value could indicate that considerable fraction of 
the electrons generated during the metabolism is not being 
captured by the anode. A hypothesis for this electron transfer 
losses could be the competition between soluble electron 
acceptors (nitrate, sulfate present in the dairy wastewater) 
and the anode electrode.

MFC systems fed by dairy wastewater provide differ-
ent values of OCV due to complex chemical composition 
therein, which result several electrochemical reactions at 
anode electrode. Besides, depending on the MFC configu-
ration (enzymatic cathode, microbial cathode, air cathode), 
other non-stable electrochemical reactions could take place 
at cathode electrode. This particularity is confirmed analyz-
ing the results in Table 1, which ranged from 250 to 800 mV. 
Actually, the OCV is not the most important electrochemical 

Table 1  Comparison of the performances of MFCs using dairy wastewater as substrate

*Not determined

Types of effluent Inoculum COD Inlet (g/L) Time (days) COD Removal 
(ξCOD%)

CE (%) OCV (mV) References

Synthetic dairy 
wastewater

Activated sludge 
(WWTP)

3.30 ± 0.03 20 63 ± 5 2.2 649 Faria et al. (2017)

Raw dairy waste-
water

Activated sludge 
(dairy industry)

0.65–3.0 14–65 80 ± 10 20 ± 16 741 ± 32 Cecconet et al. (2017)

Dairy wastewater Activated sludge 
(ETP)

4.44 ≈ 20 95.46 4.3 250 Venkata Mohan et al. 
(2010)

Labanah whey Wastewater 
(WWTP)

3.30 ≈ 20 72.76 * 400 Mohanakrishna et al. 
(2018)

Synthetic dairy 
wastewater

L. pentosus * 3 58 * 800 Vilas Boas et al. 
(2019)

Raw dairy waste-
water

Consortium (S. 
oneidensis/C. 
butyricum/dairy 
effluent)

5.2 ± 0.1 (TCOD)
1.6 ± 0.1 (SCOD)

60 67 ± 4 (TCOD)
36 ± 14 (SCOD)

1.5
6.8

430 This work
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parameter in MFC performance since it drops dramatically 
when current is extracted from the MFC; therefore, it is 
essential to analyze how much the MFC can sustain the 
OCV under external load.

The specific energy production, ξp, in terms of SCOD 
consumption (in W/kgCOD) reached values of 1.71 (30th 
day), 1.81 (43rd day), 2.42 (85th day), and 1.13 (101st day). 
These results were superior to those reported previously by 
Venkata Mohan et al. (2010), as well as to the findings of 
other studies using wastewater substrates, including Labanah 
whey and oil refinery effluent (Mohanakrishna et al. 2018). 
Additionally, it was observed that the SCOD consumption 
values varied, especially in Phase 2, with CE increasing to 
6.8% on the 101st day. These findings suggested that the 
bioreactor fed with dairy wastewater provided better perfor-
mance in terms of the conversion of dissolved organic matter 
into bioelectricity, which could be explained by the diversity 
of processes for the biocatalysis of complex molecules.

Summary of dairy wastewater treatment using 
the MFC bioreactor

The treatment of the dairy wastewater was evaluated during 
the period between the 100th and 105th days of operation, 
when five samples were collected for physical–chemical 
characterization in the inlet and outlet of the MFC bioreac-
tor. Table 2 shows the average efficiencies (ξ) achieved for 
each physical–chemical parameter.

The average input and output concentrations were sta-
tistically different (p < 0.05) for TS, TFS, TVS, TDS, FDS, 
and VDS, since the solids percentage was dominated by the 
particulate fraction (55%) at the input and the dissolved frac-
tion (62%) at the output. The efficiency for TS was 16% 
(Table 2), but despite this low value, the bioreactor remained 
stable, without significant differences (p > 0.05) during the 
period of operation, as shown in Fig. A7. The efficiency of 
TS removal was the result of factors including the increase in 
TFS, caused mainly by a 226% increase in FDS, and a 41% 
reduction in TVS, which was affected by a significant 61% 
removal of VDS. The removal efficiencies of TSS, FSS, and 
VSS were 41, 60 and 10%, respectively. The TSS removal 
value was close to the turbidity decrease efficiency of 38%, 
since TSS is proportional to the turbidity of the solution. In 
the same way, there was a relationship between TDS and 
ionic conductivity (Metcalf and Eddy 2013), because these 
parameters increased by 15 and 40%, respectively. It is also 
known that the fixed fractions correspond to inorganic con-
stituents and the volatile fractions to organic constituents 
(Metcalf and Eddy 2013). The solids balance showed an 
increase in dissolved inorganic constituents (FDS), because 
part of the suspended inorganic component (FSS) was con-
verted to dissolved substances (FDS). In the case of the vola-
tile fraction rich in organic compounds, both the suspended 

and dissolved parts decreased, although the suspended part 
reduced by only 10%, because the bacterial growth produced 
biomass in the form of suspended particles.

The organic component was determined by analyses of 
TBOD, SCOD, PCOD, and TCOD, which were signifi-
cantly different between the input and output (p < 0.05). The 
input dairy wastewater had high concentrations of TBOD, 
SCOD, PCOD, and TCOD, but these parameters reduced 
significantly after treatment. As a result of the treatment, the 
bioreactor achieved high degradation potentials of 90% for 
ξTBOD and 62% for ξTCOD (Table 2). The TBOD/TCOD ratio 
changed from 49% (input) to 13% (output), as a consequence 
of high bioconversion in the bioreactor, with consumption of 
a large part of the organic load, which was especially evident 
for PCOD and TBOD.

The MFC bioreactor presented differing performance 
in terms of potassium, phosphorus, nitrogen, and sodium 
removal (Table 2). The concentration of potassium (K) 
increased 2.5-fold, which could be attributed to bioconver-
sion of the suspended/particulate fraction, due to the internal 
circulation and the high potassium concentration in the cul-
ture medium, as observed previously (Table A2). The phos-
phorus analysis considered the concentrations of the soluble 

Table 2  Average concentrations and removal efficiencies for the 
physical–chemical parameters analyzed at the input flow and output 
flow from the 100th to the 105th day

*For these parameters, the values were higher for the output flow
a mg  CaCO3/L units
b mS/cm units
c NTU units

Parameter Input flow (mg/L) Output flow (mg/L) Effi-
ciency, 
ξ (%)

TS 4540 ± 344 3816 ± 174 16
TFS 1920 ± 228 2318 ± 103 *
TVS 2520 ± 259 1498 ± 146 41
TDS 2040 ± 744 2348 ± 307 *
FDS 540 ± 261 1763 ± 202 *
VDS 1500 ± 510 585 ± 212 61
TCOD 5209 ± 113 2026 ± 141 62
PCOD 3665 ± 77 1188 ± 131 68
SCOD 1544 ± 38 838 ± 96 46
TBOD 2540 ± 297 260 ± 200 90
TP 33 ± 3 43 ± 9 0
SP 16 ± 1 30 ± 10 0
TKN 101 ± 7 28 ± 5 72
K 60 ± 5 150 ± 6 *
Total  alkalinitya 567 ± 10 204 ± 12 64
Na 436 ± 17 125 ± 5 71
Conductivityb 2.8 ± 0.3 3.9 ± 0.2 *
Turbidityc 1308 ± 3 850 ± 5 38
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(SP) and total (TP) fractions, which were significantly dif-
ferent for the input flow (p = 0.033), but not for the output 
flow (p = 0.061). This suggested that part of the particulate 
phosphorus fraction was converted to the soluble fraction, 
although there was no statistically significant total phospho-
rus concentration (p > 0.05), as well as a higher coefficient 
of variation for the output flow. Anaerobic degradation and 
MFC technology appear to have relatively low potential 
for phosphorus removal, as found by Kelly and He (2014), 
which obtained removal values of 0, 14, and 40% using 
three aerated-cathode MFCs with different cheese waste-
waters. However, Tao et al. (2015) reported high phosphorus 
removal efficiency using an aerated MFC technique. The 
MFC bioreactor provided high removal efficiencies of 72% 
for TKN (org-N plus  NH3-N) and 71% for soluble sodium 
(Na). Comparative data using an MFC with dairy wastewater 
were not found in the literature.

The absorbance spectra of the input and output flows 
(Fig. 4) were obtained in order to confirm the degradation 
potential for the soluble substances. This analysis enabled 
qualitative evaluation of the treatment of dissolved sub-
stances in the dairy wastewater that absorbed UV light at 
wavelengths from 200 to 400 nm (APHA 2012; Metcalf and 
Eddy 2013). The methodology is often applied in waste-
water treatment plants, since it provides a rapid analytical 
response. The absorbance spectra followed the same trends 
for all the samples, with the presence of two peaks at 290 
and 308 nm. After the treatment, the absorbance decreased 
considerably at all scanned wavelengths. Considering the 
main peaks, the removal efficiencies were 52 ± 4% (290 nm) 
and 65 ± 3% (308 nm), confirming the potential of the bio-
reactor for oxidation of organic compounds optically active 
in the wavelength range employed.

Conclusion

The concept of using an electrogenic coculture in combi-
nation with internal recycling is an important strategy for 
reducing the start-up time and for maintaining the stability 
of MFC bioreactors fed with dairy wastewater and operating 
in semi-continuous mode. The initialization protocol and 
subsequent treatment phase employed here enabled maxi-
mum removals of 90% for TBOD, 62% for TCOD, 72% for 
TKN, 71% for Na, and 65% for UV-absorbing substances. 
Moreover, the MFC bioreactor developed here produced 
high power densities of 1.45 W/m3 in the acclimation phase 
and 1.32 W/m3 in the treatment phase. The findings demon-
strated that high-strength wastewater, such as dairy effluent, 
can be used in MFC bioreactors for power generation.
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