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Abstract:  Sulfur pollutants have negative impact on natural ecosystems and biological health in dynamic processes of migration 
and transformation on Earth. Microbial fuel cells (MFCs) have been shown to be a promising technique for the removal of sulfur 
pollutants in wastewater, and research efforts have been made for the development of this area. To date, some controversies still exist 
in the mechanism of sulfur pollutants transformation involved in electrochemical reactions and microbial effects, limiting the practical 
application. This review respectively discussed the roles of electrode chemical reaction and microorganisms in sulfur pollutants 
treatment using MFCs, demonstrated the treatment mechanism and effecting factors, and summarized the configurations, separator 
types, electrode materials and catalysts, as well as sulfur recovery and electrode regeneration. Furthermore, the feasibility of sulfur 
pollutants removal in MFCs was assessed by capital cost between MFCs and typical anaerobic biological treatment. 
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1  Introduction 
 

Sulfur is an essential element to all life on Earth and its 
cycle plays a significant effect on environment. The possible 
channels for sulfur species in the dynamic process of 
migration and transformation are shown in Fig.1[1]. Sulfur 
species with relatively high concentration are harmful to 
living beings in the environment, and these sulfur pollutants 
present commonly in many processes such as mining, animal 
husbandry, food processing, pulp and leather, dye and 
detergent manufacture[2]. Most of dissolved sulfur species 
flow into sea with the surface runoff. Sulfur pollutants 
negatively affect the natural ecosystems: the oxidized products 
volatilize into the atmosphere and then contribute to acid rain; 
their odors raise serious health risks and can be corrosive to 
materials. For these adverse effects, a large amount of efforts 
and expenses have been undertaken to treat these pollutants. 
Present technologies for sulfur-containing wastewater 
treatment include stripping[3], oxidation[4] and biochemical 

methods[5]. Although these technologies are able to effectively 
remove the sulfur pollutants, they share a common limitation 
of high energy consumption, which would result in high 
operating costs and enormous carbon footprint. Scientists 
constantly seek new ways to process sulfur-containing 
wastewater more efficiently, to consume less energy and to 
produce less waste. 

Microbial fuel cells (MFCs) use microbes to degrade 
organic and inorganic matters in wastewater and to produce 
electricity. The MFCs based technique has been considered as 
a promising way in reducing operating costs compared with 
the traditional wastewater treatments. An MFC of sulfate 
treatment was firstly proposed by Habermann et al[6] in 1991, 
and then several research efforts were made for the 
development of this area[7–9]. However, the processes of sulfur 
species transformation are complex and some controversies 
still exist especially in the mechanism involved in many 
electrochemical reactions and microbial effects, for instance, the 
factors that play the most important roles in the transformation of  
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Fig.1  Global sulfur cycle adapted from Muyzer and Stams[1] 

Sulfur has the special valence states ranging from negative (–2) to positive (+6), which contributes to sulfur species being in the dynamic cycle on Earth. Large 
numbers of sulfur-containing wastewater are discharged into the surface runoff and ultimately into the sea. Sulfur pollutants integrate into every aspects of the sulfur 
cycle, bringing about negative impact on natural ecosystems and biological health. 

 
sulfur species and the key steps that mainly limits the treatment 
of sulfur. Although Habermann et al proposed a method to treat 
sulfate by MFCs, the hypothetical mechanism had no experiment 
to support and was suspected; the current density was reported 
over 50 mA cm–2, which was far higher than that achieved by 
other groups. The lack of knowledge on factors and mechanisms 
leads to a lack of effective guidance for demonstration or 
commercial applications. At present, the mechanism of electrode 
biofilm was complex. In the 80s and 90s, Professor Wang had 
done the basic research on electrode biofilm, in which the ion 
transport and the electron transfer process of biofilm were 
studied by cyclic voltammetry and other electrochemical 
methods[10,11]. These methods could play guiding roles in the 
study of sulfur pollutants treatment[12,13]. 

A better understanding is required to identify the 
bottlenecks in MFCs and to improve performance. In this 
paper, we reviewed the roles of electrochemistry and 
microorganisms in sulfur pollutants treatment by MFCs, 
summarized the configurations and materials, as well as 
assessed the capital cost in practical application. 

  
2  Electrode reaction mechanisms and processes 
 
2.1  Abiotic electrochemical reactions 

 
There are over 30 kinds of sulfur species in nature, and 

sulfide is the class inter-mediate in the processes of converting 
sulfur species[14]. The acidity of solution and electrode potential 
are determinant in electrochemical transformation of sulfur 
species. Under standard conditions, sulfide could be abiotically 
oxidized to elemental sulfur in acidic, neutral and alkaline 
solutions at the potential of +0.14, –0.27 and –0.48 V versus 
Ag/AgCl (Ag/AgCl electrode was used as the reference in the 
following potentials), respectively[15]. Potentials of –0.27 and 
–0.48 V could satisfy the requirements of anode potential in 
MFCs. When the acidity of solution are constant, potential 
varies with the sulfide concentration based on Nernst equation, 
thus the MFC anode at open circuit potential could be used as a 
sensor to in situ monitor the sulfide concentration in environment. 

Figure 2 shows a cyclic voltammogram for sulfide oxidants 
on a glassy carbon electrode[16]. The oxidation peak at the 
range of 0–0.80 V showed that sulfide oxidation was a 
continuous process and the broad oxidation peak indicated 
that several oxidation products of sulfide co-existed. Sulfur 
was confirmed to be the dominant product of electrochemical 
oxidation of dissolved and solid-phase sulfides[17]. Sulfide can 
be further oxidized into thiosulfate, tetrathionate, sulfate etc. 
with higher potential; the proportion of sulfate increases 
rapidly coupled with the raise of electrode potential, especially 
in the alkaline solutions[18]. However, electro-deposited sulfur 
can still exist even when the electrode potential is higher than 
+0.80 V[19,20]. 
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Fig.2  Cyclic voltammogram of sulfide in 50 mM phosphate buffer 
(bacteria-free) with a scan rate of 10 mV s–1 using a glassy 
carbon electrode[16] 

 
2.2  Microbial transformation 

 
As shown in Fig.1, plenty groups of microorganisms, 

especially sulfate-reducing bacteria and sulfur-oxidizing 
bacteria play important roles in the sulfur biogeochemical 
cycle. Figure 3 summarizes the typical microorganisms 
involved in the processes on the basis of microbial metabolic 
functionality[21–23], while these microbes play similar roles in 
the chamber of MFCs. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.3  Typical microorganisms involved in sulfur biogeochemical 

cycle on the basis of microbial metabolic functionality 
(1) Sulfate reduction: Complete oxidizing: Desulfobacter, Desulfobacterium, 
Desulfococcus, Desulfotomaculum, etc; Incomplete oxidizing: Desulfovibrio, 
Desulfomicrobium, desulfobotulus, desulfofustis, etc. 
(2) Sulfur reduction: Desulfuromonas, Desulfurella, Desulfuromusa, 
Geobacter, Sulfurospirillum, Nautilia, etc. 
(3) Sulfur oxidation: Chemolithotrophic: Thiobacillus, Beggiatoa, Sulfolobus, 
etc. Phototrophic purple: chromatiaceae, e.g. 　Chromatium  (S　 0 stores in 
intracellular globules); ectothiorhodospiraceae, e.g. 　Ectothiorhodospira (S0 
resides outside the cell). Phototrophic green: chlorobiaceae, e.g. Chlorobium, 
prosthecochloris, Pelodictyon. 
(4) Disproportionation: Desulfobulbus, Desulfocapsa, etc.　 
(5) Assimilatory sulfater reduction. 
(6) Desulfurylation: Methylophaga, Roseobacter, Pseudomonas, Desulfovibrio, 
Alcaligenes, etc. 

The sulfate reduction is mediated by a system consists of 
dehydrogenases (e.g. lactate dehydrogenase, ethanol 
dehydrogenase, formate dehydrogenase, pyruvate- ferredoxin 
oxidoreductase and hydrogenase), electron carriers and 
reductases[24]. The proposed pathways of dissimilatory sulfate 
reduction can be briefly described as follows[25,26]. External 
sulfate ions can be transported into cell through membrane. 
Then sulfate ions in the cytoplasm react with adenosine- 
triphosphate to form adenosine-5'-phosphosulfate, which can 
be directly reduced to sulfite. The reduction of sulfite to 
sulfide under the action of dissimilatory sulfite reductase 
follows two possible pathways[27] are of two possible 
pathways: directly reduced to sulfide and via trithionate[28]. It 
has been confirmed that both trithionate and thiosulfate are 
inevitable intermediates in the second pathway. Finally, the 
sole product sulfide is excreted from the cell.  

The sulfide oxidization can be conducted by sulfur- 
oxidizing bacteria, which was divided into two groups. One 
group includes Thiobacillus, Beggiatoa and many other sulfur 
chemolithotrophs. Another group mainly refers to the 
phototrophic purple and green sulfur bacteria oxidizing 
reduced sulfur compounds inside or outside the cells. 
Enzymes that involved in the oxidation of sulfide by green 
sulfur bacteria include sulfide-quinone oxidoreductase, 
monomeric flavocytochrome c (SoxF) and periplasmic 
flavocytochrome c sulfide dehydrogenase[29]. 

Both the biological reduction of sulfate and oxidization of 
sulfide take multiple steps, and any slow step may be the 
limitation of the total reaction rate, which will affect the 
treatment of sulfur pollutants. 
 
2.3  Treatment mechanism in MFCs 

 
Both the direct electron transfer and indirect electron 

transfer exist in the process of MFCs treating sulfur- 
containing wastewater. The direct electron transfer is that 
organic matter near the electrode surface is degraded along 
with the electrons transfer to the electrode. The indirect 
electron transport refers to sulfide produced by sulfate 
reduction is oxidized in the role of electrochemistry or 
microorganisms (sulfur-oxidizing bacteria), meanwhile the 
electrons transfer to the electrode. Figure 4 shows the sulfur 
pollutants removal pathways in MFCs. The electrode biofilm 
system is complex because the mechanism of electrode 
biofilm involves electrode chemical reactions and microbial 
reactions, and biomimetic membrane system can play a 
reference role. An example for investigating the voltammetric 
behavior of planar bilayer lipid membranes, the electron 
transfer processes and redox reactions in the modified 
membranes can be analyzed by the peak conditions of cyclic 
voltammetry curve[30]. 

By using activated carbon cloth as anode material, a 
maximum current density about 18 mA cm–2 was immediately 
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Fig.4  Schematic of pathways for sulfur pollutants treatment in MFCs 
Sulfate is reduced by sulfate-reducing bacteria along with organic matter degradation. The oxidation of sulfide can be conducted by controlling potential or 
employing bacteria to catalyze reactions. Sulfate and other oxidized products of sulfur can be re-enrolled in the system cycle 
 
obtained when high concentration of sulfide was put into the 
electrolyte, however, the current density decreased rapidly 
because elemental sulfur generated reduced effective area of 
electrode (unpublished results). Relying only on the electron 
transfer of microorganisms, the maximum current density 
about 7 mA cm–2 [31] was obtained, the current density lower 
than that obtained from electrochemical reactions. When using 
plain carbon paper as anode material, a maximum current 
density of 7.4 × 10–3 mA cm–2 was obtained both in abiotic 
anode and biofilm anode when same sulfide was added in the 
chamber[32]. For abiotic anode, the current density rapidly fell 
to dozens of nanoamps per square centimeter of electrode 
surface after 25 h. Meanwhile, the current density dropped to 
2.0 × 10–3 mA cm–2 after 30 h in biofilm anode. For the 
configurations filled with porous anode, biofilm on electrode 
surface account for the majority of biomass; biological 
reaction rate is most likely to be the limiting factor by 
comparing the value of current density. It indicates that 
electrochemical reaction is the sole access to high current 
density. Low current density may result from the synergistic effects 
of microorganisms and electrochemistry.  

In MFCs for sulfur pollutants removal of wastewater, the 
sulfide concentration could affect the anode potential[9]. The 
generated current is proportional to the sulfide concentration, 
the higher the concentration of sulfide, and the more 
electricity generated[33], i.e. the power generation is related to 
microorganisms that can produce sulfide. Both the biofilm 
(e.g. sulfur-oxidizing bacteria) attached to the electrode 
surface and the suspended bacteria (e.g. sulfate-reducing 
bacteria) in solution can affect the electrode performance. 
Furthermore, the synergistic interaction with bacteria 
community results in a higher power generation when they 

work together.  
In the electrochemical process of sulfide oxidation, sulfur is 

the dominant product which generally deposits on the anode 
surface. Assistance of microbial catalysis can promote the 
further oxidations and the generation of a high persistent 
current[34]. Part of sulfate and other oxidized products of sulfur 
can be re-enrolled in the system cycle. In the practical 
wastewater treatment, the further oxidations are unnecessary 
because of the hazards of oxidized products (e.g. sulfate). 
Furthermore, anode-deposited sulfur can be recovered for 
reuse. In addition to aqueous sulfide treatment, the gas of 
hydrogen sulfide can be treated by electrochemical methods 
after dissolved in aqueous solution, e.g. removal of hydrogen 
sulfide on expanded mesh platinum cathode in an 
electrochemical reactor[35]. 

Physical parameters (e.g. pH and temperature) have an 
impact on the performance of microbial reactions. In the 
condition of a constant voltage of +0.2 V, partial alkalinity of 
solution contributes to a higher maximum current in the 
bioelectrochemical treatment of sulfur-containing wastewater. 
In the domesticated sludge under weak acid condition, the 
dominant bacteria were related to Thiobacillus and 
Desulfurella (Fig.3). It is difficult to distinguish between the 
effects of electrochemistry and microorganisms for sulfur 
pollutants treatment by MFCs. Appropriate control to the 
factors can improve the power generation and removal 
efficiency, e.g. increasing the biomass, setting up a pre-reactor 
for the enrichment of sulfide, adjusting the appropriate 
temperature and pH, selecting the suitable configurations and 
materials. 

 
3  Configurations and separators  
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Both single-chamber and two-chamber are the common 

configurations in MFCs for sulfur pollutants removal. Two- 
chamber configuration uses mediators as electron acceptors 
such as ferricyanide[36] or vanadium(V)[37], while single- 
chamber configuration uses oxygen in air as electron 
acceptor[9]. Sediment MFCs, utilizing sediment sulfide as well 
as organic substrate to generate power, are one type of 
single-chamber MFCs. As sulfur minerals are abundant in the 
ocean, using sediment MFCs to generate power has a broad 
application prospect. For example, in a salt marsh near 
Tuckerton, about 40% of the measured current density (3.5 × 
10–3 mA cm–2) owed to the oxidation of sediment sulfide[38].  

Because sulfide is easy to leak from the chamber, 
membrane-less MFCs is not suitable for the sulfur-containing 
wastewater treatment. The cation exchange membrane and 
bipolar membrane can be employed, whereas the anion 
exchange membrane is not suitable because sulfide could pass 
through it to interfere with the cathodic reaction. In an MFC 
for sulfur-containing wastewater, cation exchange membrane 
and Nafion ionomer at the catalyst make the cathode assembly 
obtain a high performance, whereas protons should be 
provided for cathode to keep the needed pH conditions for the 
long term[9].  

 
4  Electrode materials and catalysts  

 
Carbon materials are commonly used as electrode for 

sulfide oxidation reactions. Ti/Ta2O5-IrO2 electrode 
manufactured by a thermal decomposition technique was 
confirmed to be excellent for the electrooxidation of sulfide[39]. 
Activated carbon cloth was found to be a superior anode 
material for sulfide oxidation with elemental sulfur and 
soluble polysulfides as the dominant products[40]. The 
performances of activated carbon cloth anode mainly relied on 
the immense specific surface area of activated carbon and 
great adsorption property for sulfide, and by using the anode, 
99% of the sulfate was removed and the maximum power 
density of 0.51 mW cm–2 was obtained. 

On cathode, oxidant (usually oxygen) receives electron and 
combines with proton to form water. Catalysts can effectively 
promote the reaction. Au, Pd, Pt etc. are all outstanding 
catalysts for oxygen reduction reaction. Sulfate-reducing 
bacteria have the ability to transform metal ions (e.g. Pd and 
Pt) into metal nanoparticles. Bio-produced Au nanoparticles 
were observed in the presence of a sulfate-reducing bacteria 
enrichment and Au(I)-thiosulfate complex[41]. There is 
evidence that bio-palladium nanoparticles bound to 
Desulfovibrio desulfuricans facilitate the direct electron 
transfer process; these bio-nanoparticles show outstanding 
catalytic properties for cathodic oxygen reduction reaction[16]. 

Because Pt is expensive and can be toxic[42], transition 
metal porphyrines and phthalocyanines are proposed to 

replace platinum as oxygen reduction catalysts. Cobalt 
tetramethoxyphenylporphyrin and Fe(II) phthalocyanine were 
demonstrated to be excellent alternatives to Pt with the similar 
catalytic performances, better long-term stability without 
anti-toxicity[43]. Recently, some cheap new materials, such as 
nitrogen-doped carbon nanotubes[44], nitrogen-enriched 
core-shell structured Fe/Fe3C-C nanorods[45] and so on, were 
used for catalyzing the oxygen reduction and achieved 
favorable performances. 

 
5  Sulfur recovery and electrode regeneration  

 
Elemental sulfur easily deposited on the anode surface of 

MFCs, and thus led to a loss of electrode surface[14,36,46]. Dutta 
et al[47] proposed an electrochemical method for electrode 
regeneration by means of periodical switching between anodic 
and cathodic actions. Sulfide was oxidized to sulfur to 
produce electricity in the anode. Then, the deposited sulfur 
was reduced to sulfide/polysulfide in the cathode which was 
the anode before switching. However, by this method sulfur 
pollutants cannot be removed from the wastewater.  

The electrode can be regenerated with the methods of 
extracting the anode-deposited sulfur by using an appropriate 
amount of organic solvent[48] or using alkaline solution at a 
high temperature[49] . Both the methods can effectively prevent 
the electrode from being passivated and anode-deposited 
sulfur can be recovered for industry feedstock.  

 
6  Cost accounting for sulfur-containing 

wastewater treatment 
 
Cost accounting is essential to assess the feasibility in the 

process of wastewater treatment. According to the estimates of 
costs and benefits, we compared MFC and upflow anaerobic 
sludge blanket (UASB) for sulfur pollutants removal in 
wastewater. UASB is the most widely used anaerobic 
treatment for sulfur-containing wastewater and has advantages 
in low initial investment, high efficiency and easy 
maintenance compared with other anaerobic treatments (e.g. 
anaerobic baffled reactor, internal circulation reactor). Figure 
5 visually describes the costs of various parts for MFC and 
UASB. The costs are based on materials commonly used in 
laboratory. Assuming that the volume of reactors are both one 
cubic meter. For MFC, anode and cathode volume account for 
80% and 20%, respectively; for UASB, the bottom area is one 
square meter. Figure 5 shows that the total costs for 
sulfur-containing wastewater treatment in MFC and UASB are 
$ 275 and $ 580, respectively. Thus MFC is economical in the 
costs compared to UASB.  

In the process of treating sulfur-containing wastewater, 
MFCs are able to produce electricity and elemental sulfur 
while UASB can produce biogas. Supposing the MFC voltage 
is 0.5 V, the coulombic efficiency is 40%, the conversion rate 
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of sulfide oxidizes to elemental sulfur is 70%. Table 1 shows 
the benefits of MFC and UASB based on the limiting factors 
in chemical oxygen demand (COD) and sulfate concentration 
of influent. In the actual operation, the benefits of MFC is 
between $ 0.05 and $ 0.09 when COD of influent is the 
limiting factor. No matter the limiting factor is COD or sulfate 
concentration of influent, the benefits of MFC is a little less 
than that of UASB. However, MFC is superior to UASB for 
sulfur pollutants removal in wastewater combined with costs 
and benefits. 

With the deepening of study, the cost of MFCs is 
decreasing gradually. MFCs for sulfur pollutants treatment 
have a certain application prospect. Considering that reactor 
and membrane are the prime cost for a MFC, much more 
efforts such as to develop new materials with the aims of 
increasing “power to cost ratio”[50]. In addition, electrode the 
limiting factor of electrode performance should be studied to 
improve the conversion rate of sulfur, reduce the costs of 
sulfur recovery and electrode regeneration, and provide an 
economic way for the sulfur-containing wastewater treatment. 

 
 

 
 
 
 
 
 
 
 
 
 

Fig.5  Costs of various parts for MFC (a) and UASB (b) 
(a) reactor (cube, reinforced concrete), $ 150; anode (carbon cloth), 1.5 $ m–2, $ 7.5; cathode (carbon cloth, catalyst), $ 7.5; membrane, 100 $ m–2, $ 100; others (e.g. 
wires, alligator clips), $ 10. (b) reactor (cylinder, reinforced concrete), $ 125; three-phase separator (glass fiber reinforced plastics), 235 $ m–2, $ 300; influent 
distribution system, $ 80; overflow weir, $ 30; gas collection system, $ 15; others (e.g. piping), $ 30 
 

Table 1  Benefits of MFC and UASB based on the limiting factors in COD and sulfate concentration of influent 
Limiting factor Treatment Electricity Sulfur Biogas Total benefits ($) 

COD 
(1 g L–1) 

MFC 
0.5 kwh ($ 0.05)a,c — — 0.05  
0.1 kwh ($ 0.01)b,c 0.28 kg ($0.084)b,d — 0.094  

UASB — — 0.5 m3 ($ 0.1)e 0.1  
SO4

2– 
(1 g L–1) 

MFC 0.06 kwh  ($ 0.006)c 0.18 kg ($0.054)d — 0.06  
UASB — — 0.33 m3 ($ 0.066)e 0.066  

a. All COD is used for electricity generation;b. All COD is used for reduction of sulfate; c Assuming an electricity values 0.1 $ kwh–1; d Assuming element sulfur 
values 0.3 $ kg–1; e Assuming biogas is obtained according to 0.5 m3 kg–1 COD [51] and worth 0.2 $ m–3. 
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