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A B S T R A C T   

Microbial variety has many functions, and most bacteria can be employed as a biocatalyst in a Microbial Fuel Cell 
(MFC). MFC is an anaerobic bioreactor that transfers chemical energy in organic compound chemical bonds to 
electrical energy through catalytic reactions of microorganisms. Various microorganisms in the form of a com-
munity or consortium have a higher ability to transfer electrons to the anode and increase the degradation of the 
organic compound than pure cultures. Scientists have known that bacteria may produce electricity by breaking 
down organic substrates for years. Today, the presence of the energy crisis and batik industry has reignited 
interest in MFCs among university academics as a technique to convert biomass to hydrogen without releasing 
net carbon into the atmosphere. Batik wastewater can be used as a substrate for MFC to generate renewable 
energy (electricity) and bioremediation of chromium. This study reviews a diverse community of bacteria in 
microbial fuel cells, which may be used to remediate industrial effluent.   

1. Introduction 

The use of fossil fuels, notably oil and gas, has grown recently, 
resulting in a global energy crisis [1]. Using renewable bioenergy is one 
strategy to address the current global warming problem. A lot of 
attention is being paid to alternative electricity-producing methods. In 
recent years, academic researchers have been particularly interested in a 
technology known as microbial fuel cells (MFCs), which use microbes to 
catalyze the conversion of energy held in chemical bonds in organic 
compounds to electrical energy [2–5]. Bacteria can produce electricity 
in MFCs while simultaneously biodegrading organic materials or trash 
[6,7]. Thus, using MFCs that utilize microbes can be an alternative to 
electricity generators in the present and the future. 

Microbes in the anodic chamber of an MFC oxidize additional sub-
strates, producing electrons and protons in the process. Carbon dioxide 
is produced during oxidation. However, no net carbon emission occurs 

because the carbon dioxide in renewable biomass is derived from the 
atmosphere during the photosynthetic process. Microbes in the anodic 
chamber absorb electrons and protons during the dissimilative process 
of oxidizing organic substrates [8]. To generate electric current, mi-
crobes must be kept segregated from oxygen and any other end terminal 
acceptor other than the anode, which mandates the use of an anaerobic 
anodic chamber. 

Recent years have seen rapid advancements in MFC research, with 
the number of journal publications doubling in the previous three years 
as more scientists enter the field. Various reviews on MFC, each with a 
unique taste or emphasis, examined MFC’s design [9], characterization, 
and performance. Rabaey et al. [8] examined microbial metabolism in 
MFCs from the standpoint of microbial physiologies. Lovely et al. [10] 
focused on the potential use of MFC systems dubbed Benthic Unattended 
Generators (BUGs) to remote power filtering or monitoring devices [11] 
and compared MFCs to standard anaerobic digestion technology to 

* Corresponding authors. 
E-mail addresses: vibriovita@unsil.ac.id (V. Meylani), e.surahman@unsil.ac.id (E. Surahman), a.fudholi@gmail.com (A. Fudholi), whmalki@uqu.edu.sa 

(W.H. Almalki), noshinilyas@yahoo.com (N. Ilyas), sayyedrz@gmail.com (R.Z. Sayyed).  

Contents lists available at ScienceDirect 

Journal of Environmental Chemical Engineering 

journal homepage: www.elsevier.com/locate/jece 

https://doi.org/10.1016/j.jece.2023.109503 
Received 5 January 2023; Received in revised form 10 February 2023; Accepted 12 February 2023   

mailto:vibriovita@unsil.ac.id
mailto:e.surahman@unsil.ac.id
mailto:a.fudholi@gmail.com
mailto:whmalki@uqu.edu.sa
mailto:noshinilyas@yahoo.com
mailto:sayyedrz@gmail.com
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2023.109503
https://doi.org/10.1016/j.jece.2023.109503
https://doi.org/10.1016/j.jece.2023.109503
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2023.109503&domain=pdf


Journal of Environmental Chemical Engineering 11 (2023) 109503

2

produce biogas as a green energy source. Chang et al. [12] investigated 
the characteristics of electrochemically active bacteria used in 
mediator-free MFCs and the rate-limiting electron transport pathways. 
Bullen et al. [13] compiled various experimental results on MFCs. 
Zhuwei et al. [1] detailed the present state of the art in MFC, empha-
sizing recent advances in MFC reactor design, performance, and opti-
mization of critical operational parameters. This study demonstrates a 
diverse array of bacteria in microbial fuel cells, which may be used to 
remediate industrial effluent. 

2. Microbial fuel cell evolution 

In theory, any microbe might be used as a biocatalyst in MFC. Potter 
pioneered the MFC concept in 1910 [14]. With the help of platinum 
electrodes, energy was generated using E. coli and Saccharomyces as MFC 
[15]. It drew little attention until the 1980 s, when it was discovered that 
incorporating electron mediators may significantly improve current 
density and power output. Unless the bacteria in the anodic chamber are 
anodophiles, they cannot transport electrons straight to the anode. 

Most of the outer layers of microbial species are composed of non- 
conductive lipid membranes, peptidoglycans, and lipopolysaccharides 
that hinder direct electron transfer to the anode. Electron mediators 
expedite the transfer [16]. Trapping electrons from within the mem-
brane can rapidly decrease oxidized mediators. The mediators travel 
through the membrane, delivering electrons to the anode and oxidizing 
them in the anodic chamber’s bulk solution. This cyclic process in-
creases power generation by increasing the rate of electron transport. A 
good mediator should exhibit the following properties [17]– (i) the 
ability to cross the cell membrane easily; (ii) the ability to grab electrons 
from the electron carriers of electron transport chains; (iii) a high 
electrode reaction rate; (iv) good solubility in the anolyte; (v) 
non-biodegradable and non-toxic to microbes; and (vi) low cost. 

And how effectively do cells eliminate oxidized mediators? In com-
parison to other aspects, power savings are more critical. While the 
lowest redox mediator would theoretically have the lowest anodic redox 
and maximize the redox difference between the anode and cathode (i.e., 
provide the most significant voltage difference), it would not necessarily 
be the most efficient at extracting electrons from the microbes’ reduced 
intracellular systems (NADH, NADPH, or reduced cytochromes). A 
mediator with a higher Eo redox value than one with the lowest redox 
value will have a more significant total power [17]. Synthetic exogenous 
mediators include dyes and metallorganics such as neutral red (NR), 
methylene blue (MB), thionine, meldola’s blue (MelB), 2-hydroxy-1, 
4-naphthoquinone (HNQ), and Fe (III EDTA) [2,17–21]. 

However, the toxicity and instability of synthetic mediators preclude 
their application in MFCs. Certain microbes can utilize endogenous 
mediators, chemicals naturally occurring in the environment, such as 
microbial metabolites. Humic acids, anthraquinone, and sulfur oxy-
anions (sulfate and thiosulphate) can transmit electrons from the cell’s 
inner membrane to the anode [22]. A breakthrough occurred when it 
was discovered that microorganisms could carry electrons directly to the 
anode [23,24]. These bacteria have a high Coulombic efficiency and are 
highly stable in their operational state [24,25]. Shewanella putrefaciens 
[26], Geobacteraceae sulferreducens [27], Geobacter metallireducens [28], 
and Rhodoferax ferrireducens [24] are bioelectrochemically active bac-
teria that can form a biofilm on the anode surface and conduct electrons 
directly through the membrane. 

Biofilms growing on the cathode’s surface may contribute to electron 
transmission between bacteria and electrodes. When bacteria in a bio-
film are employed, the anode acts as the ultimate electron acceptor in 
their dissimilatory respiratory chain. Cathodes can act as electron do-
nors for Thiobacillus ferroxidans suspended in a catholyte in an MFC 
system with microorganisms in both the anodic and cathodic chambers 
[29]. G. metallireducens and G. sulfurreducens [30], and other sweater 
biofilms [31] may all operate as ultimate electron acceptors by col-
lecting electron sources. MFCs without mediators are advantageous in 

wastewater treatment and energy generation because they eliminate the 
cost associated with a mediator [17]. 

3. Microorganisms that serve as the fuel source for microbial 
fuel cells 

Numerous bacteria can transmit electrons to an anode formed during 
organic matter metabolism. A partial list of bacteria and associated 
substrates are listed in Table 1. Marine sediment, soil, wastewater, 
freshwater sediment, and activated sludge all contain a high concen-
tration of these microorganisms [32,33]. Numerous recent papers have 
discussed the screening and identification of microbes and the estab-
lishment of a chromosomal library for bacteria capable of generating 
electricity through the decomposition of organic matter [28], [34,35]. 
Table 1 shows the recent paper about microbes used as biocatalysts in 
MFCs in the form of pure and mixed cultures.(Table 2). 

MFC is commonly used to identify and study a specific electron 
transfer mechanism. The electron transfer mechanism involves the 
digestion of macromolecules by heterotrophs and produces organic 
acids. Several reports show a symbiotic relationship between hetero-
trophic anaerobic or facultative anaerobic fermenting species that uti-
lize various substrates to produce short-chain fatty acids. Anodophiles 
(direct conducting types) tend to have a narrow range of substrate uti-
lization and little digesting capability. So they benefit from the associ-
ation, allowing the anodophile to obtain electrons from macromolecular 
carbon energy substrates, removing fatty acids, and avoiding end 
product inhibition by the fermenter. 

In addition, using MFC as a producer of electrical energy can use a 
mixed culture of microbes as a biocatalyst. This happens because mixed 
cultures are more able to adapt to the environment and increased inter- 
microorganism metabolism, which increases the transfer of electrons 
and protons at the cathode, the electrogenic properties of microbes, and 
the complex syntrophic relationships between species in the MFC [36, 
37]. Unlike the case with a pure culture which is at risk of decreasing the 
resistance of the transfer of electrons and electricity produced quickly. 
This can be seen from the research conducted by [6] that pure culture 
makes 0.28 mA of electrical power for 14 days compared to mixed 
cultures, capable of producing 0.7 mA of electrical power for 24 days. 
Thus, using mixed cultures is assumed to be superior to using MFC as a 
producer of electrical energy. 

Understanding MFC’s work requires an understanding of the anodic 
electron transfer mechanism. As previously stated, microbes carry 
electrons to the electrode via an electron transport system composed of 
various components in the bacterial extracellular matrix or electron 
shuttles dissolved in the bulk solution. Generally, electrons are trans-
ferred directly to the final electron acceptor, Fe2O3, by contact with 
mineral oxides and metal-reducing bacteria [38,39]. Geobacter sp. is a 
dissimilatory metal-reducing species that generates biologically useable 
energy in the form of ATP under anaerobic conditions by dissimilating 
metal oxides in soils and sediments. 

Because the anode, like the solid mineral oxides, serves as the final 
electron acceptor in mediator-free MFCs made with metal-reducing 
bacteria primarily from the genera Shewanella, Rhodoferax, and Geo-
bacter, the anodic reaction is identical in this approach (Fig. 1). 
S. putrefaciens, G. sulferreducens, G. metallireducens, and R. ferrireducens 
all use this process to transport electrons to the solid electrode (anode) 
[34,38,39]. 

Although dissimilatory metal-reducing bacteria run most true 
mediator-free MFCs, Clostridium butyricum has been described as an 
exception [7,40]. While anodophiles can transmit electrons straight to 
the anode during the initial phases of biofilm growth, mediators such as 
dye molecules and humic compounds have some effect on mediator-free 
MFCs. Mn4+ or neutral red (NR) added to the anode considerably im-
proves the performance of MFCs utilizing the anodophile S. putrefaciens 
[41]. For bacteria incapable of transporting electrons to the anode, 
mediators are critical for electron transport. The basic techniques are as 
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follows (Fig. 2). 
They collect electrons from microorganisms and discharge them onto 

the surface of the anode. The electrons are transmitted between the 
anode and the bacteria via mediators. Actinobacillus succinogenes, 

Desulfovibrio desulfuricans, E. coli, Proteus mirabilis, Proteus vulgaris, and 
Pseudomonas fluorescens require external mediators, although some or-
ganisms may create their own. For example, Pseudomonas aeruginosa 
utilizes pyocyanin molecules as electron shuttles. 

MFCs with mixed cultures have a strong track record. The use of 
complex mixed cultures (anodic microcosms) enables a much broader 
range of substrates. When MFCs are mixed, their substrate specificity is 
far broader than that of pure cultures. When an MFC is injected with sea 
sediments or anaerobic sludge, mixed cultured microorganisms are 
present in the anode chamber. In the same chamber, electrophiles or 
anodophiles coexist with groups that utilize natural mediators in mixed 
culture MFCs (with anaerobic sludge) [14], establishing a correlation 
between power production and sulfur component concentrations. 
Because sludge contains naturally occurring quantities of S-containing 
material, they discovered that the sulfate/sulfide-mediated system 
generated 70–80% of the power, while electrophiles generated just 
20%− 30%. 

The materials used as components of the MFC affect the electrical 
energy they produce. The electricity in the MFC is provided by external 
resistors placed between the anode and cathode and the membrane to 
ensure the transport of ions from one chamber to another. Currently, 
most materials that make up the anode, cathode, and membrane come 
from carbon, increasing the resistivity and resistance of electron trans-
fer, which risks decreasing stability and electric power [42]. Thus, some 
researchers recommend inexpensive anode materials derived from Cu, 
TiO2, Ni, dan Si materials along with membrane materials in the form of 
ionic liquid (IL) membranes which can reduce resistivity while reducing 
the cost of assembling MFC [43,44]. The characteristic of ionic liquids 
can ensure the selective transport of only protons and no other cations 
through the membrane so that microbial activity is not affected by the 
carrier of cations in textile wastewater [45]. Thus, by paying attention to 
the aspects of the MFC component material, the pH gradient between 
rooms on the MFC device must be stable so that the metabolic process 
and electron transfer run smoothly. 

4. Microbes found in batik wastewater 

Microorganisms in batik wastewater are diverse and can be obtained 
in various ways, including sample dilution, isolation, microorganism 
identification using gram staining and biochemical tests, pure culture 
(multiplication of indigenous microorganisms), and isolates [46] 
measuring reducing activity. Bacillus sp., Pseudomonas sp., Geobacillus 
sp. [47], Lactobacillus delbrueckii [48], Pseudomonas putida, Pseudomonas 
aeruginosa, Klebsiella pneumoniae, Pantoea sp. [49], Escherichia coli, 
Klebsiella pneumoniae. Other microbes such as the consortia Sargassum 
sp. and Saccharomyces cerevisiae [50], Aspergillus sp. [51], Saccharomyces 
cerevisiae [49], and Pleoratus ostreatus [52], as well as Aspergillus sp. 
[51], were also discovered. Pleurotus ostreatus bacteria reduce the levels 
of BOD and COD, but Lactobacillus delbrueckii bacteria decolorize syn-
thetic colors. Due to the presence of gram-negative bacteria in batik 

Table 1 
Microbes used in MFCs.  

Microbes Substrate Applications Reference 

Pure Culture 
Bacillus subtilis Glucose Electron transfer is 

caused by excreted 
redox compounds 
(mediators) in the broth, 
which are influenced by 
microbial physiology 

[35] 

Rhodoferax ferrireducens Glucose, 
Xylose 
sucrose, 
Maltose 

Mediator-less MFC [22,36] 

Klebsiella pneumonia Glucose HNQ as mediator 
biomineralized 
manganese as electron 
acceptor [37,38]  

Pseudomonas aeruginosa Glucose Phycocyanin and 
phenazine-1- 
carboxamide as a 
mediator 

[8,39] 

Escherichia coli Glucose and 
Sucrose 

Mediators such as 
methylene blue needed 

[14,40, 
41] 

Gluconobacter oxydans Glucose Mediator (HNQ, 
resazurin, or thionine) 
needed 

[42] 

Actinobacillus succinogenes Glucose Neutral red or thionin as 
an electron mediator 

[6,43,44] 

Erwinia dissolven Glucose Ferric chelate complex 
as mediators 

[19] 

Lacobacillus plantarum Glucose Ferric chelate complex 
as mediators 

[19] 

Streptococcus lactis Glucose Ferric chelate complex 
as mediators 

[45] 

Proteus mirabilis Glucose Thionin as a mediator [5,46] 
Mixed Cultures 
Klebsiella, Citrobacter, 

Enterococcus faecalis, 
Lactobacillus lactis, and 
Escherichia shigella 

Tryptone 
and Glucose 

Produce electricity high 
as 36,41 mw/m2 

isolated from a hot 
spring water 
environment 

[47] 

Bacillus subtilis and 
Bacillus cereus 

Glucose Decolorize textile 
wastewater in 71,7% 
and produce electricity 
high as 673 mV/143.4 
mg in 7 days 

[48] 

Bacteroidetes, 
Proteobacteria, 
Firmicutes, 
Actinobacteria and 
Acidobacteria 

Sucrose and 
Glucose 

Replacing expensive 
platinum as a cathode 
catalyst in MFCs 

[49] 

Escherichia coli, 
Saccharomycopsis 
fibuligera, and mixed 
culture of E. coli and 
S. fibuligera 

Peptone and 
Glucose 

It showed high BOD5 

and COD removal after 
48 h at 76.57% and 
77.22%, respectively, 
and generated 5.49 mA 
of current, 757 mV of 
voltage, and the 
electrical energy 
produced was 9.216 ×
10 − 5 kWh 

[50] 

Arcobacter, Aeromonas, 
Pseudomonas, 
Acinetobacter, 
Cloacibacterium, and 
Shewanella sp. 

Glucose Degrade 2,4-dichloro-
phenol and produce 
electricity high 156 mA/ 
m2 current density with 
41% phenolic 
degradation 

[51] 

Alcaligenes faecalis, 
Enterococcus gallinarum, 
Pseudomonas aeruginosa 

Glucose Self-mediate consortia 
isolated from MFC with 
a maximal level of 4.31 
W m-2 

[39]  

Table 2 
Basic components of microbial fuel cells.  

Items Materials Remarks 

Anode Graphite, graphite felt, carbon paper, carbon 
cloth, Pt, Pt black, reticulated vitreous carbon 
(RVC) 

Necessary 

Cathode Graphite, graphite felt, carbon paper, carbon 
cloth, Pt, Pt black, RVC 

Necessary 

Anodic chamber Glass, polycarbonate, Plexiglas Necessary 
Cathodic 

chamber 
Glass, polycarbonate, Plexiglas Optional 

Proton exchange 
system 

Proton exchange membrane: nafion. Ultrex, 
polyethylene, poly (styrene-co-divinylbenzene); 
salt bridge, porcelain septum, or solely electrolyte 

Necessary 

Electrode 
catalyst 

Pt, Pt black, MnO2, Fe3+. Polyaniline, electron 
mediator immobilized on the anode 

Optional  
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wastewater and their capacity to evolve more rapidly to develop resis-
tance, heavy metals such as hexavalent chromium (Cr(VI)) are absorbed 
through sulfate transport channels in cell membranes and bacterial 
cytoplasm [53]. Numerous bacteria isolated from batik wastewater 
communicate enzymatically and cooperatively to lower heavy metal 
levels [54]. Multiple bacteria in the liquid waste enable it to break down 
heavy metals effectively and efficiently. 

A consortium of microorganisms in the form of bacteria that may 
digest hexavalent chromium includes Mesophilobacter, Methylococcus, 
Agrobacterium, Neisseria, Xantobacter, Deinococcus, Sporosarcina, and 
Bacillus, which are effective in lowering BOD levels by 85.71% in batik 

wastewater. This is because of the decomposition of organic matter in 
batik wastewater due to the action of the azo reductase enzyme pro-
duced by a consortium of bacteria such as Pseudomonas aeruginosa, Ba-
cillus subtilis, Klebsiella pneumoniae, and Escherichia coli. This consortium 
effectively reduces the decolorization level of azo dyes [54,55]. Due to 
the exchange of ions in the cell membrane wall with heavy metal [54], 
the consortium of microorganisms is also effective in reducing hex-
avalent chromium (Cr(VI)) in batik wastewater by 73.03%, from an 
initial concentration of 74.298–20.04 ppm. Hexavalent chromium (Cr 
VI) can be reduced by azoreductase or chromate reductase enzymes 
producing microorganisms. This reduction helps in rapid growth and 

Fig. 1. Components thought to be involved in electron transfer from cells to the anode in MFCs based on metal-reducing microorganisms (Geobacter spp).  

Fig. 2. Model for various compounds acting as electron shuttles between a bioelectrochemical active microorganism and the anode.  
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reproduction rates. 
The consortium of microorganisms was created by merging indi-

vidual organisms tha previously propagated through pure culture on a 
laboratory scale. The microbes were then mixed to evaluate their 
capability for degrading an environment contaminated with heavy 
metals. The interaction of microbes in the environment cannot be pre-
dicted unless observed in the lab and can boost the final result of heavy 
metal degradation compared to single isolates [56]. This happens 
because the work of enzymes from each type of microorganism can 
complement each other to survive using the available nutrition sources 
in the growth medium [57]. Consequently, the consortium of microor-
ganisms is regarded as a more effective bioremediation agent than a 
single isolate. 

5. Wastewater treatment 

MFCs were explored in wastewater treatment as early as 1991 [58]. 
MFCs can be charged with various organic compounds found in 
municipal wastewater. The amount of energy generated by MFCs during 
the wastewater treatment process may minimize the amount of elec-
tricity required by a traditional approach that aerates activated sludges 
and uses a great deal of electricity. MFCs significantly reduce the 
amount of solid waste that must dispose of by 50–90% [59]. Addition-
ally, it can degrade organic molecules such as acetate, propionate, and 
butyrate to CO2 and H2O. Because a greater diversity of organics may 
biodegrade more organics, a hybrid including electrophiles and ano-
dophiles is extremely beneficial for wastewater treatment. Certain bac-
teria utilized in MFCs have an unmatched capacity for sulfide 
elimination, which is required for wastewater treatment [60]. MFCs 
have a high degree of operational stability due to their ability to foster 
the growth of bio-electrochemical active microorganisms during 
wastewater treatment. Due to scaling problems, continuous flow and 
single-compartment MFCs and membrane-less MFCs are favored for 
wastewater treatment [61,62]. Sanitary wastes, food processing waste-
water, swine wastewater, and corn stover are all suitable biomass 
sources for MFCs due to their high organic matter content [63–66]. In 
some cases, up to 80% of COD can be removed [65,67], while up to 80% 
of Coulombic effectiveness has been recorded [26]. 

The liquid waste treatment process at MFC involves waste degrada-
tion and decolorization processes. The transfer of electrons from waste 
substrates and electricigens can degrade existing specific compounds 
such as azo compounds, phenols, and heavy metals to become more 
straightforward and less dangerous. Batik and textile liquid waste can be 
handled using living cells through bioaccumulation and bio-
augmentation. Increasing MFC in waste handling can be done by bio-
augmentation using carbon source substrates (glucose, cellulose, and 
hemicellulose) or microbes. In addition, in overcoming textile waste 
pollution, the electricity generated by the MFC can detect the presence 
of waste toxicity which is also often collaborated with CW (Constructed 
Wetland), known as MFC-CW, which in its application is still in the 
development stage [68]. The utilization of MFC can increase the effi-
ciency of textile waste decolorization by neutralizing the pH of the waste 
and reducing the levels of BOD (Biological Oxygen Demand), COD 
(Chemical Oxygen Demand), and TS (Total Solid). Based on the results 
of research conducted by [69] shows that the electric power generated 
by MFC in textile waste is directly proportional to the reduction in BOD, 
COD, and TS levels and increases the pH level of the waste with removal 
percentages of 74.7%, 79, 6%, and 66.7%. 

Discharging untreated wastewater from batik textile industries has 
caused enormous addition of chromium metal ions in the water. The 
hexavalent chromium (Cr VI) compounds have toxic effects on humans, 
animals, plants, and microorganisms. In humans, the effects of chro-
mium range from skin irritation to DNA damage and cancer develop-
ment [70]. A lasting and continuative exposure to chromium, even at 
low concentration, can damage the skin, eyes, blood, respiratory, and 
immune systems [71]. It causes asthma, nasal ulcers, convulsions, acute 

gastroenteritis, and damage to the liver and kidneys [70]. On a cellular 
level, the genotoxic effect of chromium leads to oxidative stress, DNA 
damage, and tumor development [72]. People exposed to high levels of 
chromium are more likely to suffer lung and nasal sinus cancer. Both of 
these cancers have a high mortality rate. Cr VI has been linked to male 
infertility and stunted child development [73]. 

6. The advantages of MFC as a wastewater treatment and 
electricity energy producer 

MFCs can degrade organic and inorganic compounds (heavy metals) 
from wastewater and power electricity generation. The paramount 
importance of improving the efficacy of MFC is to select suitable mi-
crobes and materials for forming electricity (such as anode, cathode, and 
electrode catalyst) from batik and textile wastewater. It can be similar to 
batteries or fuel cells, which use the organic compound as substrates to 
generate electricity. Microorganisms in microbial fuel cells (MFC) can 
reduce COD levels by up to 50% and power densities in the range of 
420–460 mW/m2 [74]. MFCs joined to form vertical cascades, where the 
fluid output from the first row of the MFC serves as the input of another 
MFC in the cascade. This helps in the rapid reduction of COD. Reactor 
design and configuration are critical in boosting microbial fuel cell 
performance (MFCs). Separated anode chambers into two portions in a 
dual anode chamber microbial fuel cell modified by varying organic 
loadings demonstrated a superior understanding of the integrated MFCs 
for wastewater treatment [71]. In addition, the increase in electricity 
produced by the MFC is directly proportional to the degradation and 
decolorization of the waste. This can be seen from the results of research 
by Krithika et al. [36], which showed that samples of textile waste 
containing Direct Yellow 12, Direct Blue 15, and Direct Red 23 dyes on 
MFC before and after being inoculated with the microbial consortium for 
seven days had electric power 150 mV and 637 mV. There was an in-
crease in the percentage of decolorization by 71.7%. Thus, using MFC as 
an energy producer and remediation can be an effective solution in 
dealing with the energy crisis and environmental pollution. 

A number of natural microbial communities in batik waste can 
improve the performance of the MFC device. This is because, so far, 
various local genera of microorganisms isolated or inoculated from batik 
waste have been able to increase the electric potential and the degra-
dation of their toxicity. Although the disadvantage of MFC is that it 
requires a relatively high cost of MFC components, it can be minimized 
by using materials derived from relatively inexpensive carbon and nat-
ural microbes such as Bacteroidetes, Proteobacteria, Firmicutes, Actino-
bacteria, and Acidobacteria [75]. Various types of local indigenous 
microbes in batik wastewater that can degrade and recover energy in the 
form of electricity in the MFC have been compared with Bacillus subtilis 
[46,76], Pseudomonas aeruginosa [55,77], Bacillus cereus, Klebsiella 
pneumoniae [77], Escherichia coli [78,79], dan Pseudomonas sp. [80]. The 
effectiveness and performance of MFCs are affected by the concentration 
and species of microorganisms, the transfer of electrons from microbes 
to the electrodes, proton exchange membranes (PEM), and electron 
mediators [36,81]. Therefore, in the future, MFC utilization can use 
batik waste as an energy producer and minimize its toxicity. 

7. The future of MFC in wastewater treatment 

Alternative renewable sources, such as geothermal, wind, solar, hy-
droelectric biomass, and nuclear energy, have been intensively sought 
and developed. Although numerous researchers have proposed a variety 
of energy solutions as well as ways to remediate water sources [82,83], 
no single option can completely replace fossil fuel and eliminate water 
contamination. It appears that integrated energy choices are more 
practicable for supplying energy for specific tasks and diverse circum-
stances. Hoang et al. [82], Ledezma et al. [84], and Selvaraj et al. [85] 
have reported that the discovery that bacteria can contribute to the 
production of power from wastewater and biodegradable biomass 
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wastes has received increased attention. 
Due to their excellent efficiency in the production of oxygen as an 

effective electron acceptor, photosynthetic microalgae have been 
included in MFC as the photosynthetic-cathodic chamber for the 
achievement of self-sustainability. Hernández et al. [86] reported that 
photosynthetic-cathodic chambers enhance energy output, permit 
simultaneous CO2 removal, and increase high cathode efficiency, in 
addition to being efficient in solar energy conversion. In addition, 
microalgae are known to remove inorganic contaminants (such as ni-
trogen and phosphorus) typically found in agricultural and home 
anaerobic digester effluent [87]. In conjunction with nitrate reduction, 
microalgae may serve as electron acceptors (i.e., mediators) at the 
cathode, bridging the potential gap between oxygen (E0 = +820 mV) 
and nitrate (E0 = +430 mV). These ideas are promising options for 
bioelectricity production and pollution reduction [83,88,89]. In addi-
tion, they have a significant potential for concurrently producing 
high-value products such as biomass, lipids, and pigments with various 
uses [90–94]. 

Nookwam et al. [94] reported the convergence of bioelectricity, 
biodiesel feedstock production, and wastewater treatment. Due to suit-
able microbial communities, an MFC fed with AD effluent from the 
rubber sector at an optimal OLR produced maximum energy and effi-
ciently eliminated contaminants. MFC with photosynthetic microalgae 
in a cathodic chamber has been demonstrated to produce microalgal 
biomass with a high lipid content and deliver oxygen. The mass of MFC 
is produced, and stacked in large stacks, for treating large volumes at a 
significant continuous flow system. The smaller the MFC, the higher the 
power density. The future of MFC will be thousands of manufactured 
small-scale MFC. 

MFCs designed in the vertical cascade were able to treat wastewater 
progressively and enhance bioelectricity production. Ongoing initiatives 
and obstacles include pilot-scale adoption, application with various 
wastewaters, and integration with other biofuels and bioproduct pro-
cesses. MFC can be joined together to form cascades, where the output 
from the first row of the MFC becomes the fluidic input of another MFC 
in cascade formation. The length of a cascade is adjusted to match the 
BOD reduction required. Cascade can be lengthened or shortened until 
all the BOD in a sample is removed. With BOD removal, the longer the 
cascade, the greater the extraction of the BOD. 

8. Conclusion and future perspectives 

MFC holds an excellent future for treating the batik industry’s liquid 
waste and generating electricity. Using MFC can help minimize the 
toxicity of batik liquid waste and generate electricity that supports 
production in small and medium-scale batik and textile industries, 
which may provide new insight into future MFC optimization. Addi-
tionally, the batik liquid waste can be used to isolate the bacteria that 
were employed as MFCs. Bacillus spp., Pseudomonas spp., Geobacillus 
spp., Lactobacillus delbrueckii, P. putida, P. aeruginosa, Klebsiella pneu-
moniae, Pantoea sp. and the consortia of Sargassum sp. Saccharomyces 
cerevisiae, Aspergillus spp., and Pleurotus ostreatus have been reported. 
Implementing MFC to treat batik wastewater is expected to be used as an 
alternative, renewable, environmentally friendly, and non-toxic source 
of power generation. The consortia for MFC should emphasize the 
development of microbial mixed cultures and components of MFC 
constituents. 
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industrial wastewater using microalgae-bacteria consortium combined with 
anaerobic digestion of the produced biomass, Bioresour. Technol. 135 (2013) 
598–603. 

[87] B. Cheirsilp, T. Thawechai, P. Prasertsan, Immobilized oleaginous microalgae for 
the production of lipid and phytoremediation of secondary effluent from palm oil 
mill in fluidized bed photobioreactor, Bioresour. Technol. 241 (2017) 787–794. 

[88] Y. Wang, et al., Cost-effective domestic wastewater treatment and bioenergy 
recovery in an immobilized microalgal-based photoautotrophic microbial fuel cell 
(PMFC), Chem. Eng. J. 372 (2019) 956–965. 

[89] H. Hadiyanto, et al., Response surface optimization of microalgae microbial fuel 
cell (MMFC) enhanced by yeast immobilization for bioelectricity production, 
Chemosphere 287 (3) (2022), 132275. 

[90] C. Yeesang, B. Cheirsilp, Low-cost production of green microalga Botryococcus 
braunii biomass with high lipid content through mixotrophic and photoautotrophic 
cultivation, Appl. Biochem. Biotechnol. 174 (1) (2014) 116–129. 

[91] W. Tongprawhan, S. Srinuanpan, B. Cheirsilp, Biocapture of CO2 from biogas by 
oleaginous microalgae for improving methane content and simultaneously 
producing lipids, Bioresour. Technol. 170 (2014) 90–99. 

[92] B. Cheirsilp, Y.I. Mandik, P. Prasertsan, Evaluation of optimal conditions for the 
cultivation of marine Chlorella sp. as potential sources of lipids, exopolymeric 
substances, and pigments, Aquac. Int. 24 (1) (2016) 313–326. 

[93] D. Sengmee, B. Cheirsilp, T.T. Suksaroge, P. Prasertsan, Biophotolysis-based 
hydrogen and lipid production by oleaginous microalgae using crude glycerol as 
exogenous carbon source, Int. J. Hydro. Ener 42 (4) (2017) 1970–1976. 

[94] K. Nookwam, B. Cheirsilp, P. Maneechote, W. Boonsawang, C. Sukkasem, microbial 
fuel cells with photosynthetic-cathodic chamber in vertical cascade for integrated 
bioelectricity, biodiesel feedstock production, and wastewater treatment, 
Bioresour. Technol. 346 (2022), 126559. 

V. Meylani et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref73
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref73
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref73
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref74
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref74
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref75
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref75
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref75
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref76
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref76
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref76
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref77
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref77
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref77
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref78
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref78
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref78
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref79
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref79
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref79
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref79
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref80
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref80
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref80
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref80
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref81
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref81
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref81
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref82
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref82
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref82
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref83
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref83
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref83
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref84
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref84
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref84
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref85
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref85
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref85
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref86
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref86
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref86
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref87
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref87
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref87
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref88
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref88
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref88
http://refhub.elsevier.com/S2213-3437(23)00242-7/sbref88

	Biodiversity in microbial fuel cells: Review of a promising technology for wastewater treatment
	1 Introduction
	2 Microbial fuel cell evolution
	3 Microorganisms that serve as the fuel source for microbial fuel cells
	4 Microbes found in batik wastewater
	5 Wastewater treatment
	6 The advantages of MFC as a wastewater treatment and electricity energy producer
	7 The future of MFC in wastewater treatment
	8 Conclusion and future perspectives
	Ethics approval
	Consent to publish
	Consent to participate
	Code availability
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	References


