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Introduction

Domestic sewage and municipal wastewaters typically con-
tain between 20 and 500 mg/L of sulphate. Several indus-
trial wastewaters like paper and pulp, food processing, ani-
mal husbandry, and pharmaceutical industry contain much 
higher concentrations of sulphate, sulphite, or other sul-
phur compounds [1, 2]. Sulphate emissions are not a direct 
threat for the environment as sulphate is a chemically inert, 
non-volatile, and non-toxic compound. Current restric-
tions on sulphate emission in environmental legislation 
mainly aim to reduce the salt content of surface water and/
or to minimize acid condensation in sewers [1]. Sulphate 
is anaerobically reduced to sulphide by sulphate reducing 
bacteria (SRB) [3]. Higher sulphide concentration above 
about 150  mg/L in wastewater is toxic to methanogenic 
bacteria, acetogenic bacteria, and SRB [1, 4]. However, this 
value is a gross approximation as inhibition due to sulphide 
depends on a wide variety of factors like sludge conditions, 
pH, type of bacteria present, and even on the chemical oxy-
gen demand (COD)/sulphate ratio [1]. However, genera-
tion of sulphide during anaerobic treatment of sulphate rich 
wastewater can upset the entire system performance. Part 
of the sulphide also remains dissolved in the effluent of the 
anaerobic reactor. This results in a lowering of overall treat-
ment efficiency of the system, as sulphide contributes to the 
effluent COD, since two moles of oxygen are required for 
complete oxidation of one mole of sulphide into sulphate. 
Moreover, sulphide can upset the treatment efficiency of 
the aerobic post treatment system by causing algal bloom-
ing in lagoons or activated sludge bulking [1]. Along with 
this, sulphide causes bad odours and can be corrosive to 
the pipelines and other appurtenances [4, 5]. With COD/
sulphate lower than ten, process failure of anaerobic reac-
tors has been reported in literature [1]. This necessitates 
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simultaneous sulphide removal process during anaerobic 
treatment of sulphate rich wastewater.

Several methods have been used by researchers to 
remove sulphide; the most common being physico–chemi-
cal methods involving precipitation of sulphide using iron 
salts. However, major drawbacks of this method are the 
costs associated with iron dosage, clogging of the inlet 
pipes, and the accumulation of precipitated FeS in the reac-
tor [1, 6]. Another common method for removal of sul-
phides is chemical oxidation, where several oxidants, such 
as molecular oxygen, hydrogen peroxide, hypochlorite, 
chlorine, and permanganate, are used. However, these treat-
ments are unsatisfactory in terms of both chemicals used 
and disposal of the resulting hazardous sludge [5]. By com-
parison with the other processes, biological processes are 
cost-effective and operate at natural prevailing environmen-
tal conditions without any requirement for expensive chem-
icals and catalysts [4]. Some bacterial species like sulphide 
oxidizing bacteria (SOB) can oxidize sulfide to elemental 
sulphur [3, 7]. Partial biological oxidation of sulphide to 
S is a low-cost alternative for sulphur reclamation, as S is 
non-soluble and thus can be removed from the wastewater 
[1].

In a microbial fuel cell (MFC), organic compounds are 
oxidized by microorganisms, and the electrons generated 
from this oxidation can be used to produce energy and 
other value-added products [8]. Although MFCs have been 
established for effective removal of organic matter, how-
ever, treatment of wastewater in MFC with high sulphate 
concentration still remains a challenge [8, 9]. Ghangrekar, 
Murthy [10] studied the effect of COD and sulphate ratio 
in a microbial fuel cell and observed an increase in COD 
removal and power production with decrease in COD/sul-
phate up to 0.8 in the wastewater. Conversion of these com-
pounds leads to the release of sulphides, which are toxic 
and odorous as mentioned earlier. Sulphides can be oxi-
dized to various sulphur species. Depending on the redox 
potential and specific reaction conditions, over 30 different 
species can be produced [11]. Sulphide is oxidized under 
standard conditions to elemental sulphur at potentials at 
least higher than −0.274 V versus standard hydrogen elec-
trode (SHE). Increasing the potential can further oxidize 
elemental sulphur. At more positive redox potentials, more 
oxidized forms of sulphur, such as sulphite and sulphate or 
polysulphide, will be the reaction products [11]. Reduc-
tion of sulphate to sulphide in anaerobic reactors causes 
substrate loss, because substrate is used to form sulphide 
instead of methane, where methane production is the core 
process of the reactor, as well as it needs additional treat-
ment cost to abate the emission of sulphurous compounds 
in the biogas. A MFC could partially recover the energy 
comprised in the sulphide through its re-oxidation to ele-
mental sulphur at the anode. While treating wastewater 

with high sulphate concentration, the energy loss due to 
lower methane gas production can be compensated by 
electricity generation from oxidation of sulphide in a MFC 
[11]. However, relatively lower power density of MFCs 
restricts its practical applications. Hence, sulphate removal 
studies in MFCs should also focus on improving the power 
generated by the system to make a significant contribution 
to the knowledge base.

Power production in a MFC is limited by the overpoten-
tial of oxygen reduction reaction (ORR) at the cathode [12]. 
To reduce ORR overpotential, catalysts are often used on 
the cathode. Platinum is the most expensive and frequently 
used catalyst [12]. To reduce cost of wastewater treatment 
in MFCs, recent research has focussed on development of 
low-cost cathode catalysts. Recently, cobalt tetroxide was 
developed as a low-cost catalyst for use in Lithium-ion bat-
teries [13, 14]. In this study, sulphate and organic matter 
removal at different inlet COD/sulphate ratios was explored 
in MFCs using cobalt tetraoxide (Co3O4) nano-octahedron 
as cathode catalyst. The performance characteristics of the 
MFC system, including power output, sulphate removal, 
and organic matter degradation, were monitored, and kinet-
ics and mass balance of reactions were worked out. Unique 
bioelectrochemical conversion of sulphate to facilitate sul-
phur recovery from sulphate rich wastewaters in a MFC 
marks the novelty of the approach and also makes the pro-
cess an interesting pollution abatement technique.

Materials and methods

Synthesis of catalyst

The Co3O4 nano-octahedron catalyst material was syn-
thesized through a modified hydrothermal process 
reported earlier [15]. In a typical procedure, 0.2  mol of 
Co(NO3)2·6H2O and 0.05 mol of NaOH were dissolved in 
40 mL deionized water. The solution was heated at 180 °C 
in a Teflon lined autoclave for about 5 h and was allowed 
to cool to room temperature. The product obtained was 
washed five times with ethanol and distilled water and sub-
sequently dried at 60 °C. Finally, the resultant material was 
calcinated at 500 °C in a muffle furnace for a period of 3 h 
to obtain Co3O4 nano-octahedron particles.

Construction of the MFCs

Four cylindrical dual-chamber MFCs (MFC-1, MFC-
2, MFC-3, and MFC-4) were constructed by boring in 
acrylic sheets of thickness 2.5  cm, making an effective 
anodic and cathodic chamber volume of 50  mL to treat 
synthetic wastewater spiked with sulphate. Carbon felt 
anode of projected surface area 16 cm2 was placed in the 
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middle of the anode chamber. Cathode made of stain-
less steel (SS) mesh of projected surface area 16 cm2 was 
used in MFC-1 and MFC-2 without catalyst. In MFC-3 
and MFC-4, similar SS mesh coated with 0.5 mg/cm2 of 
Co3O4 nano-octahedrons was used as cathode. A solution 
of the catalyst Co3O4 was prepared with acetone as the 
solvent and Nafion as binder, which was sprayed using a 
spray gun on the SS mesh for MFC-3 and MFC-4 cath-
odes. Nafion membrane was used as the proton exchange 
membrane, which was hot-pressed manually at a tem-
perature of 60 °C to the stainless steel cathode. The elec-
trodes were connected to an external resistance of 100 Ω 
using concealed copper wires. All four MFCs were, later 
on, also used for kinetics and mass balance studies for 
COD and sulphate removal, using catalysed cathodes.

A cylindrical clayware dual-chamber MFC with anodic 
chamber volume 900  mL was used to treat raw sewage 
spiked with sulphate to investigate scaling up options of 
MFC treating real wastewater. Carbon felt anode of pro-
jected surface area 300 cm2 was placed in the middle of 
the anode chamber. The cathode made of carbon felt of 
projected surface area 400  cm2 coated with 0.5  mg/cm2 
of Co3O4 nano-octahedrons was used as cathode. The 
electrodes were connected to an external resistance of 
100 Ω using concealed copper wires.

Operation of the MFCs

Screening experiments

Synthetic wastewater having acetate as carbon source 
with COD of 2000 ± 250  mg L−1 was used as anolyte 
for evaluating COD and sulphate removal in the MFCs. 
The acetate medium also contained (per gram of COD) 
NaHCO3, 1500  mg; NH4Cl, 318  mg; CaCl2·2H2O, 
250  mg; MgSO4·7H2O, 64  mg; K2HPO4, 27  mg; and 
KH2PO4, 9 mg. Trace metals were added as FeSO4·6H2O, 
10.00  mg L−1; MnSO4, 0.526  mg L−1; ZnSO4·7H2O, 
0.106 mg L−1; H3BO3, 0.106 mg L−1; and CuSO4·5H2O, 
4.5  μg L−1; CoCl2, 105.2  μg L−1; (NH4)6Mo7O24·4H2O, 
105.2  μg L−1. Sulphate (200  mg  L−1) was added to the 
anodic feed solution of MFC-2 and MFC-4 in the form of 
anhydrous Na2SO4. Aerated tap water was used as catho-
lyte. Sludge from already working MFC treating synthetic 
wastewater of similar composition, of volume 5 mL, was 
used to inoculate the MFCs. The MFCs were operated in 
72 h fed-batch mode as most of the sulphate and sulphide 
generated from sulphate reduction were removed within 
that time. After two batch cycles of operation, the system 
was considered to be under pseudo steady-state condi-
tions, when the stable voltage output was reproducible in 
two or more cycles.

Kinetic studies and mass balance analysis

Later on, to perform kinetic studies and mass bal-
ance analysis related to sulphate and COD removal, the 
acrylic sheet MFCs were used with catalysed cathodes. 
The MFCs were operated in varying ranges of COD viz 
200, 500, 1000, 2000, and 3000 mg L−1. For a COD of 
3000  mg L−1, sulphate of 200, 250, 500, 1000, 2000, 
3000, 4000, 5000, 6000, 7000, and 8000  mg L−1 was 
added to study the effect of sulphate/COD molar ratio and 
sulphate concentration on performance of MFC. These 
MFCs were also operated at a sulphate concentration of 
200 and 3000 mg L−1 for the entire range of inlet CODs 
to understand the effect of COD/sulphate ratio on elec-
tricity generation. For the kinetic studies, sulphate of 50, 
100, 150, 200, and 250  mg L−1 was added to wastewa-
ter with COD of 2000 mg L−1 in the MFCs. Overall, the 
MFCs were operated at different COD/sulphate of 0.067, 
0.17, 0.33, 0.375, 0.43, 0.5, 0.6, 0.67, 0.75, 1, 1.5, 2.5, 3, 
5, 6, 10, and 15.

Scaling up of the MFC treating real wastewater

Anodic chamber of the clayware MFC was fed with raw 
sewage of COD concentration around 500 ± 24  mg L−1, 
spiked with anhydrous Na2SO4 to have a sulphate concen-
tration of 700 ± 5 mg L−1. Aerated tap water was used as 
catholyte. Sludge from an already working MFC treating 
synthetic wastewater, of volume 50 mL, was used to inocu-
late the MFC. The MFC was operated in a 72 h fed-batch 
mode.

Batch sulphide oxidation experiments

Batch tests were conducted to verify the feasibility of spon-
taneous sulphide oxidation. Single chambered electrolysis 
cells, constructed using 500 mL glass beakers, were used 
for this purpose. Total liquid volume of 450 mL was main-
tained during the operation. Graphite felt of projected sur-
face area of 120 cm2 was used as anode. The cell was fed 
with a saline buffer containing NaCl (1 g L−1), NaH2PO4 
(1.58 g L−1), and Na2HPO4 (6.38 g L−1), to maintain a near 
neutral pH, and Nitrogen gas (N2) was purged externally 
to maintain anaerobic condition in the cell. After that, sul-
phide in the form of Na2S was added in each cell to main-
tain a sulphide concentration of 100 ± 5 mg L−1. The cells 
were operated at a fed-batch time of 3 days and sulphur 
metabolites were analysed every 24 h. Each batch test was 
performed in triplicates. The batch tests aimed to investi-
gate the influence of anode potential on electrochemical 
sulphide oxidation. This was achieved by controlling the 
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potential at fixed levels between 0 to −500 mV (vs SHE) at 
intervals of 100 mV.

Analysis and calculations

Chemical oxygen demand (COD) was measured according 
to closed reflux colorimetric method. Sulphate was meas-
ured by turbidimetric method. Sulphide was determined 
according to the iodometric titration method. The indica-
tion of “sulphide” described all sulphur species (H2S, HS−, 
and S2

−). Analysis of COD, sulphate, and sulphide was car-
ried out as per the procedures described in Standard Meth-
ods [16]. Measurement of pH was done using a pH meter 
(Thermo, Kansas, USA). Samples were taken at 24 h inter-
vals to measure the residual COD, sulphate, and sulphide 
over the course of the whole experiment.

The MFCs were continuously monitored for voltage 
produced using a data acquisition system connected to a 
computer. Open circuit voltage (OCV) and operating volt-
age (OV) were measured daily. Polarization curves were 
obtained by measuring voltages at various external resist-
ances from 10,000 Ω to 1 Ω to evaluate the relationship 
between voltage and current. For each point on the polari-
zation curves, voltage readings were taken when the volt-
age stabilized. The current (I) in amperes (A) was calcu-
lated by Ohm’s law, I = V/R, where V is the potential drop 
in volts (V) across the external load resistance R in Ohms. 
The power output P in watts (W) and the power density 
(PD, W/m2) were calculated according to P = I × V and 
PD = I × V/S, respectively, where S (m2) is the projected 
surface area of the anode. Coulombic efficiency (CE) was 
deduced as, CE = (CP/CT × 100) %, where CP is the total 
number of coulombs calculated by integrating the current 
over time. CT is the theoretical number of coulombs that 
can be produced from the wastewater used as anolyte. CT 
was calculated from CT = FbSovA/Mo, where F is the Fara-
day’s constant (96,485 C/mol), b is the number of moles of 
electrons produced per mole of substrate (four for oxygen), 
So is the reduction in amount of COD, vA is the liquid vol-
ume in the anodic chamber, and Mo is the molecular weight 
of oxygen [17]. Pieces of anodes after use were analysed in 
energy dispersive X-ray spectroscopy (EDX) in Jeol, SEM 
(Japan) for elemental composition.

Results and discussion

Sulphate removal in the MFCs

MFC-1 and MFC-3 were operated without any sulphate 
in the inlet feed. Sulphate concentration in the MFCs 
decreased from 200 ± 12 to 10 ± 7 mg L−1 for MFC-2 and 
5 ± 4 mg L−1 for MFC-4 on day 3, thereby giving a sulphate 

removal rate of 0.063 kg/m3.day for MFC-2 and 0.065 kg/
m3.day for MFC-4 from an initial sulphate loading rate of 
0.067 kg/m3.day (Fig. 1). Almost similar sulphate removal 
rate for MFC-2 without cathode catalyst and MFC-4 with 
cathode catalyst indicates that cathode catalyst did not have 
a significant impact on sulphate reduction or sulphide oxi-
dation reactions. Zhou and Xing [18] operated an anaerobic 
filter for sulphate removal using different carbon sources as 
electron donors and observed a maximum sulphate removal 
rate of 8.6 kg/m3.day at an initial sulphate loading of 10 kg/
m3.day using ethanol as carbon source and no sulphate 
removal was reported with acetate as carbon source. In 
addition, acetate was the final end product in the sulphate 
reduction reactions in all the cases using complex carbon 
sources. However, that is not a feasible solution while treat-
ing wastewater. In this study, synthetic wastewater with 
acetate as carbon source and later on raw sewage was suc-
cessfully treated along with simultaneous sulphate removal. 
Majority of SRBs cannot directly use complex carbon 
sources as electron donors, which needs to be converted to 
lower molecular weight compounds by fermentative bac-
teria [18]. Hence, use of mixed culture of bacterial sludge 
proved to be beneficial for simultaneous removal of organic 
matter and sulphate while treating raw sewage.

When organic material is oxidized via sulphate reduc-
tion, eight electrons are accepted per molecule of sul-
phate. Because one molecule of oxygen can only accept 
four electrons, the electron accepting capacity of two 
moles of O2 equals 1 mol of SO4

2− which is 0.67 g of O2 
per g of SO4

2−. This means that, for wastewaters with a 
COD/sulphate of 0.67, there is theoretically enough sul-
phate available to completely remove the organic mat-
ter (COD) via sulphate reduction. For COD/sulphate 
lower than 0.67, the amount of organic matter is insuf-
ficient for a complete reduction of the sulphate present 
and extra substrate should be added if removal of sul-
phate is the objective of the treatment. On the contrary, 
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for wastewaters with a COD/sulphate exceeding 0.67, as 
in this present study with an average COD/sulphate of 
ten, a complete removal of the organic matter can only 
be achieved if in addition to sulphate reducing bacte-
ria, other types of bacteria are also present [1]. In this 
study, in both the MFCs for an initial COD concentration 
of around 2000  mg L−1 and sulphate concentration of 
around 200 mg L−1, after sulphate reduction, COD avail-
able for electrogenesis is around 1870 mg L−1. However, 
after reduction of sulphate to sulphide, further oxidation 
of sulphide improves power generation, as sulphide is 
oxidized by donating electrons to the anode.

Oxidation of sulphide in the MFCs

Sulphide concentration was observed to increase from 
0 to 48 ± 3  mg L−1 in anolyte of MFC-2 and 55 ± 6  mg 
L−1 for MFC-4 after 48  h, and then reduced to 5 ± 2 
and 3 ± 1  mg L−1, respectively, in MFC-2 and MFC-4 
within the next 24  h. Since, sulphate concentration did 
not increase even after 48  h when sulphide concentra-
tion reduced, it would be safe to assume that the sulphide 
was oxidized to elemental sulphur and not sulphate due to 
non-availability of oxygen. The graphite felt anode acted 
as the electron acceptor to support sulphide to sulphur 
oxidation. Zhao et  al. [2] also concluded that elemental 
sulphur is the dominant oxidation product in the anodic 
chamber of a MFC and not sulphate. Sulphur entering 
MFC-2 in each batch, in form of sulphate, is 3.33  mg 
and that coming out from the effluent as sulphate and 
sulphide are, respectively, 0.17 and 0.25  mg, indicating 
an elemental sulphur deposition of 2.91 mg, considering 
negligible losses as gaseous H2S and metallic precipi-
tates. Therefore, sulphur recovery in MFC-2, with a reac-
tion time of 72 h is 87.4%. Similarly, for MFC-4, having 
cathode catalyst, sulphur recovery can be estimated from 
the sulphur mass balance within the reactor as 93.1%. 
After the experiments were over, the anode was removed 
from the anodic chamber and rinsed with deionized water 
to remove any sulphate species on the anode surface and 
was processed for the EDX analysis. While the EDX 
analysis of fresh graphite felt showed only the presence 
of Carbon, elemental sulphur deposition was observed on 
the graphite felt anodes of the MFCs with a weight per-
centage of 27.45% of the entire surface area. In other tra-
ditional aerobic biological methods for sulphide removal, 
sulphide is oxidized to sulphate; which could again be 
reduced to sulphide biologically if anaerobic conditions 
develop due to oxygen depletion in the clarifier, without 
actually solving the problem. Since, in MFCs, sulphide is 
converted to elemental sulphur only; hence, it is a better 
solution to the problem of sulphur removal.

Organic matter removal in the MFCs

Organic matter removal efficiencies in terms of COD in 
MFC-1, MFC-2, MFC-3, and MFC-4 were 78 ± 6, 93 ± 5, 
87 ± 2 and 94 ± 5%, respectively. The absence of sulphate, 
in the feed of MFC-1 and MFC-3, stopped the metabolism 
of SRB, thus allowing only electrogenic bacteria to thrive, 
resulting in an excess of electron donors, as shown by 
higher effluent COD in MFC-1 and MFC-3 as compared to 
MFC-2 and MFC-4. Similar results were reported by Zhou 
and Xing [18]. The consumed sulphate and COD molar 
ratios increased with increasing sulphate concentration and 
the inlet sulphate/COD molar ratio up to a ratio of 1.14 
(Fig. 2), which is slightly lower than the theoretical COD 
consumption for sulphate reduction. Further increase of the 
inlet molar ratio or sulphate concentration did not increase 
the molar ratio of sulphate and COD consumption. Molar 
ratio of consumed sulphate and COD curve indicates that 
rate of reduction of sulphate and oxidation of COD was not 
same (Table  1). Molar consumption of COD was higher 
up to an inlet sulphate/COD molar ratio of around 0.86. 
Molar consumption of sulphate became higher than COD 
oxidation rate with a further increase in inlet sulphate/
COD molar ratio. Although it is a known fact that SRBs 
use organic matter as electron donors for reduction of sul-
phate, but the exact pathway of organic matter degradation 
and sulphate reduction is still unknown.

Electricity generation from the MFCs

The four MFCs made from acrylic sheet were fed with syn-
thetic wastewater for 2 months in this study. Already accli-
matized inoculum collected from a different MFC treating 
synthetic wastewater of similar concentration was used; 
hence, start-up time required for acclimatization of bacte-
ria could be avoided. However, it took 2–3 days for biofilm 
formation on anode; hence, there was a delay in voltage 
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response (Fig. 3). By the second cycle, voltage generation 
stabilized and reached an average operating voltage (OV) 
of 29 ± 6, 24 ± 4, 62 ± 4, and 57 ± 5 mV in MFC-1, MFC-
2, MFC-3, and MFC-4, respectively. The presence of sul-
phate in the anolyte of MFC-2 and MFC-4 was expected 
to reduce the voltage response than the corresponding 
MFCs with the same configuration and without sulphate 
in anolyte, because sulphate reducing bacteria (SRB) used 
substantial amount of organic matter for the reduction of 
sulphate [18]. Gibb’s free energy for oxidation of organic 
matter for sulphate reduction is more negative than electro-
genic oxidation of the same substrate, thereby making sul-
phate reduction a more favourable reaction [18]. However, 
the presence of sulphide, produced from the reduction of 

sulphate, added to the electricity generation in MFC-2 and 
MFC-4, thus compensating for the electron loss due to sul-
phate reduction. Sulphide produced from reduction of sul-
phate in MFC-2 and MFC-4 acted as electron donors [19]. 
The presence of sulphide in anolyte could lower the anode 
potential to facilitate electricity generation according to 
the Nernst equation, thus allowing the MFCs to maintain a 
stable operating voltage [4]. A maximum power density of 
6.85, 8.03, 29.26, and 23.63 mW/m2 was obtained in MFC-
1, MFC-2, MFC-3, and MFC-4, respectively. Power outputs 
increased with use of cathode catalyst. MFC-3 offered the 
highest CE of 15.2% (Table 1). In MFC-2, contribution of 
sulphide to the charge harvested was 20.43%; while that for 
MFC-4, contribution of sulphide to charge harvested was 
only 10.68%, though CE was observed to increase from 
5.95% in MFC-2 to 13.72% in MFC-4 due to the presence 
of cathode catalyst. This shows the contribution of catalyst 
in increasing operating voltage, power production, and CE. 
However, cathode catalyst had very little contribution to 
improve sulphide oxidation or COD removal efficiency. In 
general, lower CE in the studies can be due to precipita-
tion of metallic sulphides in anodic sludge and also to some 
extent because of diffusion of sulphide to the cathodic com-
partment. In addition, at the pH levels in the anodic cham-
ber (6.8–7.2), equilibrium exists between HS− and H2S. 
The latter can diffuse through the membrane separating 
the anode and cathode either as a gas or dissolved in liquid 
[11]. This results in lower current capture than theoretically 
predicted. Other than that, oxygen diffusion into the anodic 

Table 1   Metabolites degradation and current production (COD, sulphate, and sulphide are in mg L−1, voltage is in mV)

MFC-1 MFC-2 MFC-3 MFC-4

a Inlet COD 2000 2000 2000 2000
b Inlet sulphate 0 200 0 200
c Ratio of COD/sulphate – 10 – 10
d Effluent sulphate 0 10 0 5
e COD used for sulphate reduction [0.67 × (b − d)] 0 127 0 131
f COD available for electrogenesis [a−e] 2000 1873 2000 1869
g Maximum sulphide present 0 48 0 55
h Effluent sulphide 0 5 0 3
i Sulphide oxidized [g − h] 0 43 0 52
j COD oxidized in the form of sulphide [2 × i] 0 86 0 104
k O2 equivalent of sulphide for oxidation to sulphur [0.5 × i] 0 21.5 0 26
l COD in the effluent 424 125 249 122
m Total COD used for electricity generation [a − e + j − l] 1576 1834 1751 1851
n Actual COD used for electricity generation [a − e + k−l] 1576 1770 1750 1773
n COD/Sulphate-effluent 12.5 24.4
o Theoretical Coulombs (C) 62,293 114,093 72,545 172,045
p Theoretical Coulombs considering sulphide to sulphur 950,076 1,066,581 1,055,606 1,069,385
q Actual Coulombs 76,419 63,435 160,522 146,744
r Coulombic efficiency (%) 8.04 5.95 15.20 13.72
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chamber and mass transfer limitations can also cause lower 
Coulombic efficiency. Low Coulombic efficiency and low 
power density of the MFC systems indicate the need for 
improvement of the systems.

Effect of different inlet COD/sulphate ratios

As shown in Fig. 4a, there was directly an ascending trend 
in the maximum power as the initial COD concentration 
was increased from 200 mg L−1 up to 3000 mg L−1 with a 
constant initial sulphate concentration of 200 mg L−1 that 
is with gradually increasing COD/sulphate ratio. As dis-
cussed earlier, COD/sulphate ratio should be greater than 
0.67 for complete sulphate removal. It was also observed 
that contribution of sulphide to the actual charge harvested 
increased with decreasing COD-to-sulphate ratio. Power 
outputs increased with the up-going initial substrate con-
centrations as Coulombic efficiency decreased, in a polyno-
mial equation described by the following equation:

where y is the Coulombic efficiency (%) and x is the ratio 
of initial COD to sulphate. This equation is valid only when 
sulphate is available in limited conditions that are at COD/
sulphate higher than 1 and the maximum power that can 
be obtained obviously depends on the electrode material. 
Power densities obtained in co-substrate MFC system do 
not fit the Monod-like response so well as those reported in 
other MFCs with single substrate, such as acetate, because 
sulphide served as an alternative electron donor for elec-
trochemically active microbes in the anode compartment. 
Similar observations were reported by Zhang et  al. [19]. 
When COD is present in limited condition that is with 
COD/sulphate being less than 1, the Coulombic efficiency 
can be represented by Eq. 2 and Fig. 4b:

(1)y = (0.0002x2 − 0.0039x + 0.1491),

(2)y = (−0.0024x2 + 0.0257x + 0.0692).

The main limitations of these two equations are in its 
boundary conditions, majorly the surface area and material 
of the electrode. The equations do not consider the surface 
area of electrode and electrode materials, which are impor-
tant factors affecting power generation. Coming up with an 
universal equation that will give power output or Coulom-
bic efficiency is difficult. One has to incorporate the surface 
area of electrode actually available for oxygen reduction 
at the cathode and the actual surface area where bacterial 
attachment can take place and electrochemistry of elec-
trodes, as well. However, these equations give a fairly good 
idea on how the Coulombic efficiency or power production 
might vary just with change in the ratio of COD and sul-
phate, when other conditions are constant.

Coulombic efficiency was also observed to decrease 
with increasing sulphate loading rates at a constant COD 
loading. This indicates that majority of contribution to volt-
age generation was from COD and not from sulphide oxi-
dation, which is also evident from the mass balance calcu-
lations in Table 1. A similar observation was also reported 
by Rabaey, Van De Sompel [11] who observed a decrease 
in Coulombic efficiency from 29.5 to 14.6% when the sul-
phide concentration was increased from 100 to 300 mg L−1. 
Due to higher sulphate concentration in anolyte, sulphide 
concentration inside the reactor was higher than the maxi-
mum tolerable limit of 150  mg L−1 for methanogens or 
SRBs. However, due to instantaneous oxidation of sulphide 
at the anode, it did not cause any toxicity to the biofilm, 
which is evident from the smooth operation of the MFCs. 
This is another advantage of operating MFCs, which can 
tolerate sulphur concentration as high as 1200  mg L−1 as 
observed in the present experiments with high sulphur 
concentrations.

Substrate mass balance in the MFCs

Two moles of oxygen are required per mole of sulphide 
for complete oxidation into sulphate making the COD 
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equivalent of one mole of sulphide as two [1]. Table  1 
shows the mass balance of COD, sulphate, and sulphide 
in an average cycle in the acrylic sheet MFCs. Theoreti-
cal coulombs that can be generated for substrate degrada-
tion in the MFCs are also calculated and compared with the 
actual coulombs generated to get an idea of the efficiency 
of the MFCs. Though, COD equivalent of 1  mol of sul-
phide is considered to be two; however, in a MFC, sulphide 
is not completely oxidized to sulphate, it is only oxidized 
to elemental sulphur. Oxidation of 1 molecule of sulphide 
to sulphur donates only two electrons, thereby reducing 
the theoretical charge transfer to 1/4th of that obtained 
from oxidation of sulphide to sulphate. Hence, MFC-2 and 
MFC-4 showed slightly lower voltage output than MFC-1 
and MFC-3.

Elemental sulphur was the primary final product of sul-
phate reduction and subsequent sulphide oxidation. The 
presence of elemental sulphur on the anode surface was 
confirmed by EDX analysis which showed the presence 
of 27.45% of sulphur in the used carbon felt anode. How-
ever, exact quantification of sulphur deposits was not pos-
sible due to heterogeneity of the electrode, which is only 
possible by mass balance calculations which were 87.4 and 
93.1% in MFC-2 and MFC-4, respectively. Actual sulphur 
recovery will be lesser than the estimated percentage if sul-
phur released in the form of H2S or precipitated as metallic 
sulphides are taken into consideration.

Kinetics of substrate degradation

Steady removals of COD and sulphate were achieved dur-
ing the bioelectricity generation process in the MFCs. 
With sulphate of 200 mg L−1, COD of 2000 mg L−1, and 
fed-batch duration of 72  h, the average sulphate removal 
efficiencies reached 93 ± 2 and 96 ± 1%, respectively, for 
MFC-2 (without cathode catalyst) and MFC-4 (with cath-
ode catalyst). COD removals in the MFCs were, respec-
tively, 78 ± 6, 93 ± 5, and 87 ± 2 and 94 ± 5% for MFC-1, 
MFC-2, MFC-3, and MFC-4. Sulphate is anaerobically 
reduced to sulphide by SRBs [3]. Sulphide is oxidized by 
sulphide oxidizing bacteria with the energy from decompo-
sition of organic matters or it can be oxidized abiotically 
[4]. Therefore, the presence of sulphate as co-substrate in 
MFC-2 and MFC-4, along with acetate improved COD 
removal efficiency of the system.

Order of removal of COD, sulphate, and sulphide was 
determined by average rate technique, where rate of reac-
tion of COD removal and sulphate reduction, r (m mol/L.
day), is given by the following equation:

where k (day−1) is the overall rate constant and A is the 
initial COD or sulphate concentration in m mol/L. Order 

(3)r = k[A]a

of reaction is given by a. The initial rate of the reaction 
of COD removal was calculated at different COD con-
centrations like 200, 500, 1000, 2000, and 3000  mg L−1 
(Table S1). Similarly, the initial rate of the reaction of sul-
phate removal was calculated at various sulphate concen-
trations like 50, 100, 150, 200, and 250 mg L−1.

The order of reaction a is 1.006 ± 0.010 as calculated 
from Eq.  3 using values of rate and the initial concentra-
tion of substrate from trial 1 to 5 (Table S1, Supplementary 
material) which depicts the condition in MFC-1, and the 
reaction rate constant k is 0.26 ± 0.01 day−1. Therefore, the 
reaction in MFC-1 can be well depicted by the following 
first-order reaction:

where At is the COD concentration (mg L−1) at any time 
t (days), and the reaction rate constant for acetate as car-
bon source is 0.26 ± 0.01 day−1. Similarly, from trial 6 to 
10, the order of the reaction for the MFC with a cathode 
catalyst was calculated as 1.004 ± 0.006, and the reaction 
rate constant is 0.29 ± 0.01  day−1. Hence, the reaction in 
MFC-3 can also be depicted by Eq.  4. The presence of 
sulphate in MFC-2 improved the reaction rate as the rate 
constant increased to 0.31 ± 0.01 day−1. However, as can be 
seen in Table S1, rate of COD removal and sulphate reduc-
tion is not the same with higher COD removal rate than that 
of sulphate removal, indicating contribution of fermenta-
tive, electrogenic, and other methanogenic bacteria inside 
the anodic chamber to COD removal. A similar observation 
was reported by Liu, Zhang [4]. The presence of catalyst in 
MFC-4 had no role in improving the reaction rate constant 
further from that of MFC-2 and it was 0.31 ± 0.01  day−1. 
The order of sulphate removal in MFC-2 and MFC-4 was 
0.99 ± 0.03 and 1.02 ± 0.01 with the respective reaction rate 
constants being 0.320 ± 0.003 and 0.320 ± 0.002 day−1.

Performance of MFC treating raw sewage spiked 
with sulphate

To obtain an operating voltage of 300  mV, from black-
water of COD 500  mg L−1 and with a sulphate content 
of 200  mg L−1, coulombs to be generated by the MFC 
should be 777,600 C. Assuming a conservative Coulom-
bic efficiency of 13%, theoretical coulombs generated 
would be 3,987,692. For a COD and sulphate removal 
efficiency of around 90 and 95%, respectively, outlet 
COD would be 50  mg L−1 and outlet sulphate would 
be 10  mg L−1. Therefore, COD consumed for sulphate 
reduction would be 127 mg L−1. Assuming an 85% con-
version of sulphate into sulphide and 80% conversion of 
sulphide to sulphur, sulphide produced in the MFC would 
be 53 mg L−1 and that in the effluent would be 10 mg L−1. 
Hence, about 43  mg L−1 of sulphide would be oxidized 

(4)ln
[

At

]

= −kt + ln [A],
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to sulphur. Hence, total COD available for electrogene-
sis would be 340 mg L−1. To obtain the previously men-
tioned operating voltage, therefore, anodic chamber vol-
ume of the MFC should be 1000 mL. For an anode of 
projected surface area 300  cm2, sustainable power den-
sity that can be obtained is 30 mW/m2.

Based on this concept, a clayware MFC of effective 
volume 900 mL was operated on raw sewage of COD 
concentration of 500  mg L−1 spiked with sulphate of 
concentration 200  mg L−1. Figure  5 shows the changes 
in the production of operating voltage during the perfor-
mance of the MFC. The MFC obtained a power density 
of 54.4  mW/m2 and a Coulombic efficiency of 13.95% 
with COD and sulphate removal efficiencies of 90 and 
95%, respectively. Equation 1, predicting CE from COD/
sulphate ratio in feed, is validated in this experiment. The 
high Coulombic efficiency is not only due to the catalyst 
used but also due to higher ratio of COD and sulphate. 
As evident from Fig. 5, the voltage was not stable due to 
difference in availability of electrons at the anode. Hence, 
polarization was performed just after giving feed in the 
10th cycle, to get an idea of the maximum power output, 
which was higher than the sustainable power that could 
be obtained from the MFC.

Abiotic sulphide oxidation

Maximum sulphide oxidation rate could be observed at 
an anode potential of -200  mV (vs. Ag/AgCl) (Fig.  6). 
Majority of sulphide oxidation occurred within the first 
24  h. Oxidation of sulphide could not be obtained at 
potentials lower than -400  mV (vs Ag/AgCl) and what-
ever sulphide was oxidized again got reduced back to sul-
phide. These observations indicate that elemental sulphur 
produced by electrochemical oxidation remains active, 
i.e., it could be further oxidized or reduced [20]. To avoid 
reduction of already produced sulphur products at any 
potential, fresh feed and fresh electrodes were used in 
each feed cycle. As oxidation progressed, the pH of the 
solution decreased due to the release of protons generated 
as the sulphide is removed from the solution. In the abi-
otic cells, the pH dropped from 7.01 to 6.65. However, 
this drop of pH was not observed in the MFCs, due to the 
presence of the proton exchange membrane.

Researchers have reported losses in current output and 
reduced wastewater treatment efficiency of MFCs treat-
ing sulphide or sulphate rich wastewaters with time, due 
to deposition of elemental sulphur on the electrode sur-
face [21]. The effluent from the MFC can be transferred 
to an electrolytic cell to minimize losses on deposition of 
elemental sulphur on the anode of MFC, which meets the 
expectation of elemental sulphur recovery [6]. The power 
required for the electrolytic cell can be generated from the 
MFC. This way operation will also help in the sense that 
for maximizing power generation from sulphate reduction 
and organic matter oxidation, lower anode potentials are 
required, and for maximizing sulphide oxidation, higher 
anode potentials are beneficial [11].

Conclusions

Successful sulphate and COD removals from synthetic 
wastewater with wide range of COD and sulphate con-
centrations as well as sulphate rich sewage along with 
simultaneous energy harvesting were explored in a MFC 
with recovery of elemental sulphur. Results and mass 
balance of COD and sulphate indicate that this type of 
MFC is a promising scalable system for actual applica-
tions, which can achieve almost 72% of elemental sul-
phur recovery from sulphate laden wastewater. Raw sew-
age spiked with sulphate was also treated in a low-cost 
ceramic MFC to obtain 97% sulphate removal efficiency. 
COD and sulphate removal had different reaction rates, 
but both followed first-order reactions.
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