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Abstract
The anthraquinone dye Remazol Brilliant Blue R is largely used in the textile industry. However, its removal from waste-
waters is costly and complex. Many methods have been tested to solve this ecological problem, but there is still a need for 
efficient methods. We propose here an alternative use of a two-chambered microbial fuel cell (MFC), fuelled with domestic 
wastewater in the anodic chamber, to degrade a simulated textile dye effluent made of Remazol Brilliant Blue R inoculated 
with an immobilised fungal strain, Pleurotus ostreatus URM 4809, as a laccase producer, in the cathodic chamber. The MFC 
showed continuous synthesis of laccase in the cathodic chamber, which, in turn, promoted the rapid decolourisation, of more 
than 86% of the textile dye effluent. The yield was further increased by the addition of glycerol. Electrochemical monitoring 
also indicated an increase in power density and current density. After 20 days of MFC operation, 62.1% of organic matter 
was removed in the anodic compartment, thus leaving the effluent with a much lower toxicity.
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Introduction

Synthetic dyes have been extensively applied in many dif-
ferent industries, such as cosmetics, food, plastics, textiles, 
and pharmaceuticals (Salazar-López et al. 2017). Varghese 
et al. (2018) estimated that an annual volume of 160–240 
thousands of tons of wastewater is discarded from dyes 

production. These numbers show that dyes are a major cause 
of water pollution. These compounds are often classified 
by their chromophore group as azo, anthraquinone, triph-
enylmethane, heterocyclic or phthalocyanine dyes (Lu et al. 
2016). After azo dyes, anthraquinones are the second most 
important class of dyes (Afreen et al. 2017). Furthermore, it 
is well known that the presence of dyes in water, mainly azo 
and anthraquinones, causes high risks for human health and 
environmental ecosystems since these can be toxic, carcino-
genic, mutagenic or allergenic (Tarkwa et al. 2018).
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Over the last two decades, many efforts have been made 
in order to replace conventional large-scale dye treatments 
with biological systems. In this context, bioremediation is 
considered an interesting approach for being a low-cost pro-
cess and environmental friendly. Due to their physiological 
and morphological characteristics, filamentous fungi, mainly 
white rot fungus, have become the main microbial group 
applied to degrade this complex class of pollutant (Wang 
et al. 2017). Several studies have been done regarding the 
application of white rot fungus to decolourise and degrade 
Remazol Brilliant Blue R, an important anthraquinone dye 
used in the textile industry (Patel et al. 2017; Orlikowska 
et al. 2018; Vats and Mishra 2018). However, until now, 
none of these studies applied Remazol Brilliant Blue R 
decolourisation/degradation integrating white rot fungus 
and MFC approach.

Presently, the main objectives of wastewater treatment 
are to simultaneously remove contaminants and to recover 
both energy and useful resources in a more efficient and 
eco-friendly way (Rezakazemi et al. 2018a, b; Saeed et al. 
2018; Hajilary et al. 2018). For the removal of contami-
nants, such as dyes, nanosized adsorbents, nanocomposite 
membranes and photodegradation techniques have been used 
(Shukla and Oturan 2015; Kolangare et al. 2018; Mudhoo 
et al. 2018). Several studies have been considering microbial 
fuel cells (MFCs) technology as a promising approach for 
the removal of pollutants coupled with the generation of 
electricity (Ilamathi and Jayapriya 2018; Ottoni et al. 2019; 
Wang et al. 2018). According to Ilamathi and Jayapriya 
(2018), around 50–90% less solids will be disposed using 
this system.

Typically, MFCs use electrochemically active bacte-
ria that promote organic matter oxidation and convert it 
into electricity (Peixoto et al. 2013; Izadi and Rahimnejad 
2014; Jadhav et al. 2014). In recent years, this technique 
was applied in synthetic, domestic and industrial waste-
waters (Liu et al. 2011). The most common MFC archi-
tecture is composed of an anodic and a cathodic chamber 
separated by an ion-conducting membrane. In the anode 
chamber, microbes oxidise the substrates that generate 
electrons and protons, and subsequently, electrons are 
transferred to the cathode through an external circuit and 
protons through the internal membrane. Electrons and pro-
tons are consumed in the cathode, reducing oxygen or an 
alternative electron acceptor (Lu et al. 2009). The power 
output of wastewater in MFC is dependent from numerous 
parameters, including activity and concentration of elec-
trochemical microorganisms, electrodes, type of proton 
exchange membrane, reactor design, organic load value 
and external resistance (Sharma and Kundu 2010; Campo 
et al. 2013; Sonawane et al. 2014). However, one of the 
most important parts involved in the MFCs performance, 
that several researchers have been dedicating the efforts to 

improve, is the cathode chamber. Its poor kinetics of oxy-
gen reduction reaction are the main reason for increased 
focus on its studies. The most desired factor in the devel-
opment of new cathodes for MFCs is the use of inexpen-
sive materials that lack precious metals (Zhang et al. 2011; 
Watson et al. 2013). When it comes to the cathodic elec-
trode surface, the goal is to have a cathode catalyst that has 
a high performance, decreases the activation energy bar-
rier, improves the reactive kinetics, and at the same time 
is cost-effective. Enzymes used as cathode catalysts can 
potentially eliminate limiting factors in biocathodes, such 
as decreasing efficiency due to accumulation of metabo-
lites, carbon source requirements, and specificity in cata-
lysing electron transfer (Luo et al. 2010).

Recently, a new biocathode was developed using micro-
organisms and their enzymes as catalysts to assist in electron 
transfer, eliminate the use of noble metal (such as platinum), 
and eliminate the need for replenishment of the electron 
mediator, resulting in greatly improved MFC and enzymatic 
fuel cell sustainability (Franks and Nevin 2010; Sun et al. 
2011; Hou et al. 2014). Biological catalysts may offer a solu-
tion to circumvent the limiting factors of MFC, by catalysing 
cathodic oxygen reduction reactions at high onset potentials 
under conditions compatible with microbial activity (Strack 
et al. 2013). In this regard, some studies developed by Chai-
jak et al. (2018) and Sané et al. (2013) described the applica-
tion of fungi that synthetise laccase as a biocathode. Beyond 
this application, laccase has also been extensively applied 
in different sectors such as paper pulping and bleaching, 
textile refining, dye decolorisation, bioremediation, organic 
synthesis, and juice and wine clarification (Yang et al. 2014). 
Furthermore, laccase has low substrate specificity, utilises 
oxygen as final electron acceptor, and produces water as its 
only by-product (Wu et al. 2012).

Morant et al. (2014) cultivated the fungal strains Asper-
gillus sp. SIS-18, Penicillium sp. SIS-21, and Rhizopus sp. 
SIS-31 in an air–cathode MFC. Significant changes in cur-
rent densities were observed from the 72 h up to the end of 
the experiment, at 120 h. Maximum current densities were 
observed for SIS-31, followed by SIS-21, and SIS-18, with 
125.75, 98.68, and 29.75 mA cm−2, respectively, while for 
the experiment containing pure laccase from the white rot 
fungi Trametes versicolor, the lowest current density of 
11.47 mA cm−2 was observed. The authors concluded that 
the oxygen reduction in the air biocathodes can be efficiently 
performed and enhanced by the use of in situ fungal cultures. 
Sané et al. (2013) also used T. versicolor, but they used a 
crude culture supernatant to supply the unpurified enzyme 
laccase to a biofuel cell cathode. This operational strategy 
decreases time and costs usually spent on enzymes’ purifi-
cation. In addition, it was shown that by regular exchange 
of the crude culture supernatant it is possible to extend the 
lifetime of the cathode by at least five times.
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Oon et al. (2018a) evaluated MFC performance to degrade 
new coccine dye and produce bioelectricity. The maximum 
power density that they obtained was 20.13 ± 0.37 mW/
m−3 with the addition of 25 mg/L new coccine, which was 
17% higher than the dye-free condition. In another study, 
Oon et al. (2018b) described decolourisation efficiency at 
500 mg/L of Acid Red 18 using an up-flow constructed wet-
land MFC system. Savizi et al. (2012) studied the enzymatic 
decolourisation of the azo dye Reactive Blue 221, catalysed 
by immobilised laccase, in the cathode chamber of a MFC. 
They observed that the enhancement of MFC performance 
under decolourisation condition could be attributed to the 
phenomena occurring simultaneously: oxygen reduction by 
laccase and reduction of the product of Reactive Blue 221 
decolourisation. Laccase in the cathode chamber was able 
to catalyse the oxygen reduction reaction through electron 
capture from the cathode surface. The product of Reactive 
Blue 221 oxidation had a redox potential which was thermo-
dynamically preferable to be reduced by receiving electrons 
from the cathode. Therefore, the main focus of this research 
was to improve domestic wastewater treatment paired with 
bioelectricity generation in a MFC.

Materials and methods

Selected fungal strain

Pleurotus ostreatus URM 4809 was obtained from the Mic-
oteca URM culture collection (URM, Recife, Brazil). The 
strain was grown on malt extract agar (MEA: 20 g L−1 malt, 
20 g L−1 glucose, 1 g L−1 peptone, 20 g L−1 agar, in distilled 
water), and a spore suspension was prepared and preserved 
in 20% glycerol, at − 80 °C, for future use.

Microbial fuel cell inoculum

The inoculum in the cathodic chamber was initially prepared 
in a 250-mL Erlenmeyer flask containing 50 mL of simu-
lated textile dye effluent (5 g L−1 glucose, 0.5 g L−1 yeast 
extract, 0.5 g L−1  NaNO3, 0.2 g L−1  KH2PO4, 0.05 g L−1 
 MgSO4·7H2O, 0.03 g L−1 MnCl2·4H2O, 0.002 g L−1  CuSO4. 
 5H2O, 0.001 g L−1  FeSO4·7H2O and 0.05 g L−1 Remazol 
Brilliant Blue R).

The simulated textile dye effluent in the Erlenmeyer flask 
was inoculated with 0.5 mL of a spore suspension from the 
selected fungal strain, containing around  107 spores mL−1, 
and incubated in a rotary shaker (Marconi, Brazil), at 30 °C 
and 150 rpm, for 7 days. Two nylon sponge cubes, 1 cm3, 
were used as fungal support, and the pre-treatment of nylon 
sponge was performed according to the method described 
elsewhere (Rodríguez-Couto et al. 2004). After this time, the 
nylon sponge supports were transferred to a sterile filtration 

apparatus and washed thoroughly, with 150 mL of sterile 
distilled water, to remove the free biomass. The anodic 
chamber inoculum was collected at a domestic wastewater 
treatment plant (São Paulo, Brazil) and treated as previously 
described by Peixoto et al. (2013).

Microbial fuel cell description and operation

The dual-chamber MFC, made of transparent poly methyl 
methacrylate, consisted of two compartments with equal 
dimensions (12 cm × 8 cm × 5 cm), physically separated 
by a proton exchange membrane (Nafion Membrane 117, 
DuPont Co., USA), sealed with a silicone rubber. In order to 
assemble the two chambers and to keep it tight, rubber gas-
kets and stainless-steel screws were used. The net working 
volume used for each chamber was 320 mL. The electrodes, 
both carbon Toray TP-090 (QUINTECH, USA) sheets (each, 
4 cm × 4 cm = 16 cm2), were connected to an external resist-
ance using copper-coated wires (2 mm diameter). Domes-
tic wastewater (with an average chemical oxygen demand 
(COD) concentration of 464 ± 20 mg L−1) was used as a 
batch stirred anolyte at room temperature (30 °C).

The immobilised fungal strain was fixed into the cathode 
chamber, and the compartment was filled with simulated tex-
tile dye effluent. During the experiments, the additional car-
bon source (glycerol, with a final concentration of 10 mM) 
was supplied, maintaining the metabolic condition of the 
white rot fungus. The chamber was continuously aerated 
using a filtered air pump system (SEAFLO, China).

In order to analyse the advantages of using the immobi-
lised fungus to synthetise laccase and enhance the oxygen 
reduction reaction in the cathode chamber, another MFC was 
operated, for comparison purposes, with the same conditions 
but without fungus in the cathode chamber.

Power density, dye decolourisation and enzymatic activ-
ity were monitored daily, while COD and phytotoxicity were 
analysed at the beginning and end of the experiment. All of 
these are described in the following sections.

Analyses

MFC power output was monitored by measuring the voltage 
across a fixed 1 kΩ resistance, using a digital multimeter 
(Fluke 87 V, EUA), every 24 h. The current (I) generation 
and power (P) output were calculated by Ohm’s law, using 
the relations I = E/R and P = IE, where I is the current, E the 
voltage, R the external resistance, and P the power. Power 
density and current density were based on the surface anode 
area (Wang et al. 2017).

Concentrations of Remazol Brilliant Blue R dye were 
determined by UV–visible spectrophotometry technique, 
with a decrease in absorption intensity at the maximum 
wavelength 596 nm, in a spectrophotometer Hach (DR6000 



1416 Environmental Chemistry Letters (2019) 17:1413–1420

1 3

UV/VIS, Brazil). COD was determined by Fogelman et al. 
(2006) method.

Laccase activity assay

The laccase activity (ε525nm = 65,000 M−1 cm−1) was deter-
mined by syringaldazine oxidation by the increase in absorb-
ance at 525 nm (Martins et al. 2003). For each enzymatic 
activity assay, the same reaction mixtures, containing boiled 
supernatant samples, were employed as a blank. One unit 
(U) of enzyme activity was defined as the amount of the 
enzyme responsible for the change of 0.01 of absorbance per 
minute under the assay conditions. Enzyme activity of all the 
samples was expressed as units per litre (U L−1).

Phytotoxicity assay

Phytotoxicity methods were adapted from protocols 
described by Hashmat et al. (2014) and Nouren and Bhatti 
(2015). Briefly, seeds of beans (Vigna radiata) were exposed 
to samples of the dye treatment collected at different times. 
Seeds germination was measured after 5 days of incuba-
tion (16-h light plus 8-h dark, per day), at room tempera-
ture (25 °C). Four replicates of 10 seeds were used for each 
test. Distilled water and Remazol Brilliant Blue R solution 
(100 mg L−1) were used as controls. Growth of Vigna radiata 
watered with fungal decolourised water was compared with 
the growth of Vigna radiata watered with distilled water 
and Remazol Brilliant Blue R solution (100 mg L−1). The 
germination index (GI) was determined using an expression 
previously defined (Hashmat et al. 2014): GI =  %G·La/Lc, 
where  %G is the number of germinated seeds expressed as 
% of control values, La is the average value of root length 
when exposed to treatments, and Lc is the average value of 
root length in the control.

Results and discussion

Dye decolourisation and laccase activities 
in the cathode chamber

With the purpose of applying fungal laccase to improve 
MFC performance, a set of experiments was performed 
using immobilised P. ostreatus URM 4809 cells in a MFC 
cathodic chamber, for continuous laccase synthesis and anth-
raquinone Remazol Brilliant Blue R dye decolourisation. 
This strain was chosen for being reported as a laccase pro-
ducer (Hou et al. 2004; Téllez-Téllez et al. 2008). Regarding 
the choice of support, it has been previously demonstrated 
that nylon sponge can be a very good matrix, among others 
(Bouabidi et al. 2018), like polyurethane foam (Sultan 2017), 
both being firm and inert choices to immobilise biomass 

used in studies for decolourisation of Remazol Brilliant Blue 
R and for the treatment of textile wastewaters.

With the selected strain and MFC setting for this research, 
it was possible to show that Remazol Brilliant Blue R decol-
ourisation ranged from 80 to 90% in four continuous cycles 
(Fig. 1a, b). Furthermore, the higher laccase activity of 
929.6 U L−1 was detected on the 10th day of MFC operation, 
after the glycerol pulse. This profile of laccase synthesis is 
in accordance with the previous work developed by Ottoni 
et al. (2014), who described the use of glycerol as an addi-
tional carbon source on dye decolourisation process, to be a 
good inducer of enzyme synthesis.

Lai et al. (2017a) used a strain of Ganoderma lucidum, 
also a white rot fungus, on the cathode surface of a single-
chamber MFC, in order to continuously produce laccase and 
consequently increase Acid Orange 7 dye decolourisation 
and electricity production. According to these authors, lac-
case reached a maximum activity of 20.3 ± 0.3 U L−1 and 
promoted > 90% of the dye decolourisation (50 mg L−1). In a 
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Fig. 1  a Profile of Remazol Brilliant Blue R (%) decolourisation 
(black square) and b Laccase activity (U L−1) (black diamond), in a 
microbial fuel cell operated for 20 days
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different study conducted by Lai et al. (2017b), Ganoderma 
lucidum BCRC 36123 was used as a fungus biocathode for 
azo dye Acid Orange 7 decolourisation and simultaneous 
electrical generation in an air–cathode MFC. The air–cath-
ode MFC presented 96.7% decolorisation of 500 mg L−1 
Acid Orange 7. According to the authors, the auxiliary 
action of the laccase was fundamental to excel the perfor-
mance of this system.

Mani et al. (2017) used commercial laccase from Tram-
etes versicolor (13.6 U mg−1) in the cathode chamber and 
AO7 dye in anode chamber and obtained the best MFC oper-
ation at 89% of dye decolourisation. In contrast, Oon et al. 
(2017) employed New coccine, Acid Orange 7, Reactive red 
120 and Reactive green 19 dyes, as electron acceptors in 
the abiotic cathode, obtaining the most efficient dye decol-
orisation with NC, 95.1 ± 1.1%, followed by Acid Orange 
7, 94.9 ± 0.9%. However, the power density obtained was 
lower than in all the studies referred above conducted with 
MFC laccase in the cathode chamber. In fact, Bakhshian 
et al. (2011) described laccase as having dual function in 
the MFC cathode, acting as a catalyst for oxygen reduction 
reaction and catalyse dye decolourisation.

The MFC system using a fungus–bacterium (Trametes 
versicolor-Shewanella oneidensis) combination is a cost-
effective alternative to the common MFCs used to generate 
electricity and treat organic wastewater and is developed by 
Fernández de Dios et al. (2013). This system allows stable 
electricity generation, enhanced by the electro-Fenton reac-
tions that occur in the cathode chamber. Just like the model 
proposed in this manuscript, Fernández de Dios et al.’s 
(2013) configuration also has dual benefits: simultaneous 
dye decolourisation and the electricity generation, which 
are demonstrated through a stable voltage of approximately 
1000 mV and a maximum volumetric power density of 
0.78Wm3 per liquid volume in the anode.

Chemical oxygen demand removal 
and co‑generation electricity

After 20  days in the MCF laccase operated at a fixed 
external resistance of 1000 Ω, COD removal was approxi-
mately 62.1%, and maximum power density generated was 
180.5 mW m−2 (Fig. 2a, b) and current density detected 
was 12.4 mA m−2. The power density increased in the same 
period that laccase presented higher activity level, and after 
that, it began to decrease gradually. These results were 9.69 
times higher when compared to the control (Figs. 1a, b, 2a, 
b, Supplementary material).

Lin et al. (2018) added laccase from Ganoderma luci-
dum to the broth in the cathode chamber, favouring the 
redox reaction, and obtained 84% of COD removal in the 
anode chamber and a power density of 40 mW  cm2, main-
taining electricity energy for 45 days. Kacem et al. (2017) 

immobilised commercial laccase in polymer inclusion ionic 
liquid membranes and applied it in single-chamber air–cath-
ode MFC obtaining a COD removal rate of 70%, in fresh 
wastewater collected from a mineral oil manufacturing com-
pany. Similarly to these studies, other authors (Schaetzle 
et al. 2009; Sané et al. 2014) also consider laccase as a rel-
evant component that improves the performance of MFCs, 
and this approach as a promising sustainable technology is 
not only for bioenergy production but also for wastewater 
treatment.

Phytotoxicity

The seeds of Vigna radiata were used to study the effect of 
the different solutions on germination. The seeds exposed to 
Remazol Brilliant Blue R dye, before and after treatment, in 
MFC presented a dose-dependent inhibitory effect on germi-
nation, as well as on growth, and development (Table 1). The 
seeds exposed to the dye without the treatment showed a ger-
mination rate of 55% lower when compared to the control. 
Contrary to this, those exposed to the residue of the Remazol 
Brilliant Blue R dye, obtained after 20 days of treatment 
in the cathode compartment of the MFC, only showed a 
germination index 22% lower than the control. These data 
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Fig. 2  a Potential (P) and b power density (E) of the microbial fuel 
cell operated for 20 days

Table 1  Phytotoxicity of the Remazol Brilliant Blue R for seeds of 
Vigna radiata 

Distilled water Untreated dye Treated dye

Germination index (%) 100 45 78
Root length (cm) 4.27 ± 0.322 2.16 ± 0.432 3.22 ± 0.675
Shoot length (cm) 3.34 ± 0.228 1.13 ± 0.452 2.87 ± 0.398
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corroborate previous studies, for various dyes, conducted 
with this type of seed.

According to Karthikeyan et al. (2017), the germination 
index and growth of Vigna radiata seeds, treated with the 
products of the biodegradation of the Remazol Brilliant Blue 
R dye by Staphylococcus sp. K2204, were higher when com-
pared to the seeds exposed to the Remazol Brilliant Blue R 
(100 mg L−1). Furthermore, Aravind et al. (2016) observed 
that the increase in mono-azo dyes Reactive Red 195 and 
Reactive Orange 105 concentrations visibly affects the 
growth of Vigna radiata. All of these justify the choice of 
Vigna radiate for the analysis of Remazol Brilliant Blue R 
toxicity.

Moreover, the reduction of Remazol Brilliant Blue R tox-
icity in MFC is intrinsically associated with the presence of 
laccase. However, this is the first report of the highly effi-
cient rate of decolourisation and toxicity of an anthraquinone 
in an MFC, since in most studies azo dyes are used.

Conclusion

Continuous laccase synthesis by Pleurotus ostreatus URM 
4809 in the MFC cathodic chamber promoted both anth-
raquinone dye decolourisation (up to 86%) and higher power 
density (180.5 mW m−2) when compared with other studies 
that applied similar concepts. Phytotoxicity results indicate 
that the decolourisation process did not generate detectable 
toxic products. Our system should be scaled up and can be 
considered an eco-friendly treatment. Nevertheless, addi-
tional work will need to be done to better understand how 
electricity generation affects COD removal and how opera-
tional factors such as hydraulic retention time and air flow 
rate through the cathode can be optimised.
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