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Abstract 

The main aim of this study is to investigate the 
simultaneous azo dye removal and bioelectricity 
production at sulfate-reducing conditions in a 
continuously fed dual-chamber microbial fuel cell (MFC). 
Initially, optimization of sulfate reduction was performed 
at different sulfate concentrations (100-900 mg/L) and the 
constant COD of 1000 mg/L, corresponding to COD/sulfate 
ratio of 1.11-10, and varying HRT of 12-48 h. Optimum 
COD/sulfate ratio and HRT was found 1.66 and 36 h, 
respectively, corresponding to 96% COD removal, 44% 
sulfate removal and yielded about 24 W/m2 power 
density. Further, MFC was fed with azo dye containing 
(50-1000 mg/L) simulated wastewater to evaluate dye 
removal performance of sulfate-reducing bacteria. 
Addition of azo dye slightly enhanced the power 
production to 26 W/m2, the highest value obtained during 
our study. Sulfate and COD removals were adversely 
affected at azo dye concentrations over 300 mg/L and 
150 mg/L, respectively. Additionally, color removal 
performance of MFC was excellent however, chemical azo 
dye reduction out-competed with enzymatic reduction at 
high azo dye levels (>500 mg/L) leading to a poor sulfate 
(<15%) and COD (<45%) removal and recovery of azo dye 
reduction efficiency to 91%. 

Keywords: Color, electricity generation, microbial fuel cell, 
sulfate. 

1. Introduction 

Microbial fuel cell (MFC) gained considerable interest in 
recent years for the applications of bioelectricity 
production along with simultaneous wastewater 
treatment (Sevda et al., 2013; Majumder et al., 2014). 
MFC is the device that uses bacteria as the catalysts in the 
anode to oxidize organic and inorganic matter. In general 
applications, MFC consists of anode and cathode 
chambers physically separated by a proton exchange 
membrane (PEM). Microorganisms attached on the 
biofilm layer of anode, oxidize organic matter 

anaerobically and then the electrons flow up from the 
anode onto the cathode through an external circuit, thus 
producing electricity (Guerrini et al., 2013). Additionally, 
the protons enter the cathode chamber where they 
combine with oxygen (terminal electron acceptor) to form 
water (Rabaey et al., 2007). 

So far, simulated wastewaters containing diverse types of 
organic substrates and different kinds of wastewaters 
ranging from domestic wastewater to brewery 
wastewater (Wen et al., 2009) have been used as an 
energy source in MFC (Najafpour et al., 2010; Sharma and 
Li, 2010; Izadi and Rahimnejad, 2013). Additionally; 
previous MFC studies showed that the MFC can be also 
used for the treatment of biorefractory wastewater along 
with other degradable co-substrates (Su et al., 2013; Yong 
et al., 2014). One of most studied biorefractory 
compounds is azo dye characterized by -N=N- which 
represents the largest class of dyes used in textile-
processing. Biodegradation of azo dyes is difficult due to 
their complex structure and synthetic nature, and 
hence these compounds are one of the most problematic 
contaminants in textile industry (Li et al., 2016). 
However, previous studies showed that the azo bonds can 
be broken biologically by some anaerobes. The reduction 
of azo dyes under anaerobic condition is based on 
oxidation–reduction reactions in which the dye acts as the 
final electron acceptor while organic matter acts as the 
electron donor (Xu et al., 2016; Yang et al., 2016). 

In this study, the azo dye and sulfate were selected as 
main contaminants. Sulfate largely presents in textile 
coloring wastewaters through its use in dye baths for ionic 
strength adjustment or as a leaving group from 
vinyl-sulphone reactive dye fixation onto cotton fibers 
(Albuquerque et al., 2005). Additionally, the use of H2SO4 
in pH control provides an important contribution to 
sulfate availability. Several earlier studies investigated the 
possibility of MFCs for removal of azo dyes in simulated 
wastewater (Kong et al., 2013; Yong et al., 2014), 
however; there is a lack of information about the role of 
sulfate-reducing conditions on the azo dye reduction and 
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electricity production in MFC. The biological sulfate 
reduction process is mediated by a group of 
microorganisms known as sulfate reducing bacteria (SRB) 
that use sulfate as electron acceptor. As anaerobic color 
removal occurs by the way of reduction of the azo dye 
which acts as a final electron acceptor in the microbial 
electron transport chain, color removal may be either 
stimulated or competitively suppressed in the presence of 
sulfate. Therefore, MFC was tested in the availability of 
sulfate and azo dye under different operating conditions 
to reveal the bioelectricity production of MFC by 
sulfate-reducing bacteria. 

2. Materials and methods 

2.1. Simulated wastewater and inoculum source 

The MFC anode was inoculated with anaerobic sludge 
from a full-scale anaerobic digester located at Gaziantep, 
Turkey. The anode chamber was fed continuously with 
synthetic wastewater containing (per liter) 4 g NaHCO3, 
0.6 g NH4Cl, 9.3 g NaH2PO4.H2O, 3.2 g Na2HPO4, 0.125 g 
K2HPO4, 0.11 g CaCl2.2H2O, 0.5 g cyctein HCl, minor 
amounts of metal ions (Fe, Zn, Co, Cu, Mn and Ni) and 
vitamins. Acetate, contributed to 1000 mgCOD/L, was 
used to provide a readily biodegradable carbon source for 
MFC. Both magnesium sulfate and sodium sulfate were 
used as sulfate source. The studied azo dye was the 
monoazo reactive dye Remazol Brilliant Violet 5R 
(C.I Reactive Violet 5), (Sigma–Aldrich, Germany). 
The synthetic wastewater was prepared daily. 

2.2. Microbial fuel cell design and operation 

Schematic views and photograph of the dual-chamber 
MFC used in the experiments are shown in shown in 
Figure 1A and 1B, respectively. 

The technical characteristic and operation procedures of 
the MFC are the same as previously used MFC (Cirik, 
2014). The electrode was Pt (effective surface area for 
biofilm growth was 32 cm2), which has been widely used 
in MFC technology. In order to minimize the internal 
resistance involved with ohmic loses, both electrodes 
were placed in direct contact with the proton exchange 
membrane. The electrodes were connected with copper 
wire through a resistance of 10 Ω during the experiment. 

The synthetic wastewater was continuously pumped into 
the anode chamber using a peristaltic pump (Masterflex 
L/S, Cole-Parmer 7524-45, USA). The anode chamber was 
sparged with nitrogen to remove oxygen to ensure 
anaerobic condition during the MFC operation. 
All experiments were carried out at uncontrolled pH and 

the constant temperature of 30±2C. The cathode 
chamber was aerated continuously using air pumps to 
provide oxygen as the terminal electron acceptor. 

The performance of the MFC was evaluated for around 
570 days in three different parts (Table 1). Optimization of 
sulfate-reducing conditions in the MFC system was 
performed in the first two parts, while the last part mainly 

related to the azo dye reduction studies under 
sulfate-reducing conditions. The operational conditions 
were changed after observing steady state measurements 
in COD, sulfate and azo dye concentrations. 

 

Figure 1. Schematic view of dual-chamber MFC (A), Photograph 

of the dual-chamber MFC used in the experiments (anode 

chamber on the left; cathode chamber on right) (B) 

The details of each partare shown in Table 1. In the first 
part (days 0-133), the effect of varying COD/sulfate 
ratio(10-1.11) was evaluated at constant HRT of 24 hours. 
During part II (days 158-267), HRT was increased stepwise 
from 12 h to 48 h at optimum COD/sulfate ratio of 1.66. In 
the last part of the study, Remazol Brilliant Violet 5R (C.I 
Reactive Violet 5) (Sigma–Aldrich, Germany) was included 
to the feed solution to provide influent azo dye 
concentrations of 50-1000 mg/L. The reactor was sampled 
3 times a week for performance evaluation. All assays 
were run in triplicate and mean values were presented. 

2.3. Analyses 

Samples were firstly filtered through a pre-washed filter 
paper through 0.45 μm pore-sized syringe filter (Sartorius 
AG, Gottingen, Germany) to remove biomass and other 
particles. Azo dye concentrations were measured 
spectrophotometrically with a Shimadzu UV-1601 
Spectrophotometer at 560 nm using the experimentally 
derived calibration curve (ABS560nm=0.0138*Conc.azodye + 
0.005; R2=0.9999). Intermediates of RBV-5R were 
analyzed using an HPLC system equipped with SPD-M20A 
diode array detector (DAD) (Shimadzu Co. Kyoto, Japan) 
and Inertsil ODS-3V (250 mm × 4.6 mm ID 5 µm) column. 
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Table 1. Operational conditions of MFC 

Parts Periods Days COD (mg/L) Sulfate (mg/L) COD/sulfate ratio HRT (hour) Azo dye (mg/L) 

Part 1. 

Effect of 

COD/Sulfate ratio 

I 

(0-133) 1000 

100 10 

24 - 
II 300 3.33 

III 600 1.66 

IV 900 1.11 

Part 2. 

Effect of HRT 

I 

(158-267) 1000 600 1.66 

12 - 

II 24 - 

III 36 - 

IV 48 - 

Part 3. 

Effect of azo dye 

concentration 

I 

(317-569) 1000 600 1.66 36 

50 

II 100 

III 150 

IV 200 

V 300 

VI 500 

VII 750 

VIII 1000 

 

Aromatic amine standards were generated with the use of 
sodium dithionite (Na2S2O4) for the cleavage of the –N=N– 
linkage followed by HPLC analysis of the reduction 
products of RBV-5R. Chemical reduction was performed 

for 5 min at 70C with a dithionite/color (w:w) ratio of 10. 
Dissolved sulfide concentration was determined with the 
use of a Shimadzu UV-1601 Spectrophotometer. COD and 
alkalinity were determined according to APHA standard 
methods (APHA, 1999). Samples were acidified with 
concentrated H2SO4 to below pH 2 and purged with N2 gas 
for approximately 5 min to remove H2S prior to COD 
determination. An ion chromatography (Dionex ICS-3000, 
Sunnyvale, CA, USA) equipped with Ion Pac AG19 guard 
and AS19 analytical columns were used to measure the 
sulfate concentrations. The pH of each chamber was 
measured using multimeter (WTW340I Weilheim, 
Germany). The ORP level between anode and cathode 
compartments was measured by Ag/AgCl reference 
electrode (BASI, MF-2052).The voltage (V) across an 
external resistance (10 Ω) in the MFC circuit was on-line 
monitored at 60-min intervals using an online data 
acquisition system. 

2.4. Calculations 

Voltage data acquisition from MFC was conducted using a 
Fatek programmable controller data logging system. 
The current (I) flowing through the external circuit was 
calculated using the Ohm’s law, where V is the measured 
voltage, and R (ohm) is the external resistance (Eq. 1). 

( )
V

I  
R

A =  (1) 

Measured electrical voltage across the load and the 
current converted to power, P (watt), according to (Eq. 2). 

P(watt)=V.I=I2.R (2) 

Power density, PAn (W/m2), was normalized by the cross-
sectional area of the studied electrode in the anode 
chamber. 

Coulombic efficiency reflects the ratio of the number of 
electrons passing through the external load, which 
generates electricity, to the number of electrons removed 
from the substrate during bio conversion. The coulombic 
efficiency (ƞCE) of continuous flow MFC was calculated as 
follows (Eq. 3) (Liu and Logan, 2004): 

 =
 
   
 

in

I
CE  

4
F COD Q

32

 (3) 

where I is the current (A), F is the Faraday constant 
(96.485 C/mol.e-), 4 is the electron number gained by the 
reduction reaction of 1 M O2, 32 is the molar mass of O2, 
Qin is volumetric influent flow rate of MFC (L/s), ΔCOD is 
the difference of chemical oxygen demand (COD) between 
influent and effluent. 

3. Results and discussion 

3.1. Effect of COD/sulfate ratio on MFC performance 

This part of the study was composed of four periods in 
which MFC was fed with azo dye free wastewater to 
enrich acetate-oxidizing sulfate-reducing bacteria (SRB) at 
varying COD/sulfate ratios. Normally, sulfate is biologically 
reduced under anaerobic conditions and eight electrons 
are used to produce sulfide while acetate is oxidized to 
carbon dioxide as shown in the following reactions 
(Eqs. 4-6): 

CH3COO- + 2H2O → 2CO2+ 8e− + 7H+ (4) 

SO4
2- + 10H+ + 8e- → H2S + 4H2O (5) 

CH3COO- + SO4
2- + 3H+ → 2CO2 + H2S + 2H2O (6) 

According to the above reactions, stoichiometric value for 
sulfate reduction is equal to COD/sulfate ratio of 
0.67 which is lower than COD/sulfate ratios used in this 
study. It should be noted that there was no apparent 
carbon limitation for sulfate reduction in MFC reactor. 
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The value of 0.67 is recommended as adequate for SRB, 
while a higher ratio than 2.7 is favorable to 
methane-producing bacteria (Chen and Cheng, 2008). 

To evaluate the effect of COD/sulfate ratio on reactor 
performance the influent COD was kept constant at 
1000 mg/L and sulfate concentration in the feed was 
increased stepwise from 100 mg/L to 900 mg/L, 
corresponding to COD/sulfate ratio of 10-1.1 (Table 1). 
The COD removal, bioelectricity production and sulfate 
removal performances of MFC system are shown in Figure 
2A, B and C, respectively. In the first period, MFC was 
operated at COD/sulfate ratio of 10, corresponding to 
1000 mg/L and 100 mg/L influent COD and sulfate 
concentrations, respectively. Sulfate and COD removal 
efficiencies were about 48% and 74%, and bioelectricity 
production was 25 W/m2 during the first period (Figure 2). 
Dissolved sulfide was observed about 10 mg/L in the 
effluent. Increase in influent sulfate concentration to 300 
mg/L (Period II) and 600 mg/L (Period III), corresponding 
to COD/sulfate ratio to 3.3 and 1.66, respectively; had a 
positive effect on COD removal efficiency which was 
approached to 90% and 98%, respectively. However, 
further decrease in COD/sulfate ratio to 1.1 in the last 
period (Period IV) did not change COD removal efficiency, 
which was about 98% (Figure 2A). Although COD in the 
feed was always higher than the stoichiometric 
requirement (COD/sulfate=0.67), sulfate removal 
efficiency decreased to 40%, 35%, and 24% in periods II, III 
and IV when sulfate concentration in the feed was 
increased to 300 mg/L, 600 mg/L, and 900 mg/L, 
respectively. In this study, COD/sulfate ratio of 1.66 was 
found optimum in terms of high COD removals (98%) and 
bioelectricity production. In a study performed by 
Ghangrekar et al. (2010) obtained lower COD removal 
compared to our study which was about 79% at the 
COD/sulfate ratio of 0.8. 

The COD removal in subsequent period (period IV) was 
similar however, energy production was lower. Sulfide 
production in the first period was low being 10 mg/L but 
then gradually increased parallel to decreased 
COD/sulfate ratio and reached to 18 mg/L, 25 mg/L, 
30 mg/L, in periods II, III and IV, respectively, supporting 
sulfate removal data (Figure 2C). The predominant sulfur 
compound was HS at the pH levels in the anode 
compartment (8.0-8.5). However, there was a discrepancy 
in the balance of sulfur compounds between the amount 
of sulfate removed and sulfide generated. Possibility of 
sulfide diffusion toward the cathode compartment was 
eliminated by proton exchange membrane since sulfide 
was not detected in cathode effluent. Previous studies 
demonstrated that produced sulfide could be oxidized at 
the anode to elemental sulfur, thiosulfate or sulfate (Sun 
et al., 2010; Lee et al., 2012). Elemental sulfur (S0) 
formation observed during MFC operation confirmed the 
sulfide oxidation and part of sulfide loss can be explained 
by such a mechanism. 

 

The bioelectricity production went up with the rise of 
influent sulfate concentration from 100 mg/L (Period I) to 
300 mg/L (Period II), which was increased from 25 W/m2 
to 27 W/m2, respectively (Figure 2B). However, further 
increase in influent sulfate concentration adversely 
affected the bioelectricity generation, which dropped to 
23 W/m2 and 22 W/m2 in periods III and IV, respectively. 
The power density obtained in our study was relatively 
higher compared to previous studies (Zhao et al., 2009; 
Ghangrekar et al., 2010). 

Anode alkalinity is produced as a result of sulfate 
reduction coupled with organic carbon oxidation (Eqs. 4-6) 
(Ozdemir et al., 2013). The alkalinity production in the 
anode was about 877 mgCaCO3/L at period I. 
In subsequent periods, alkalinity production slightly 
decreased to 780, 770, and 765 mgCaCO3/L in periods II, 
III, and IV, respectively. This was due to the increased 
carbon dioxide production since COD removals were 
higher in these periods. Conversely, cathode influent pH 
of 6.85 decreased slightly to 6.68 during MFC operation. 
This was due to the movement of H+ ions from the anode 
to cathode, which is typically observed in an MFC. 
Coulombic efficiency (ЄC) was the fraction of electrons 
(charge) that contribute to electricity generation and 
affected from the anode feed exists in the MFC system. 
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Figure 2. COD removal (A), voltage-power generation (B), and 

sulfate-sulfide profiles (C) observed in dual-chamber MFC 

Generally, the observed EC values in MFCs inoculated with 
mixed cultures and operated with real wastewater were 
relatively lower compared to simulated wastewaters 
(Lefebvre and Al-Mamun, 2008). In our study, coulombic 
efficiency was 18% in the first period and decreased to 
15.3; 12.8; and 12.5% when feed sulfate concentration 
increased from 100 to 300, 600, and 900 mg/L (10 Ω), in 
periods II, III, and IV; respectively. Similarly, in a study 
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performed by Zhao et al. (2018), obtained EC values was 
between 10.0 -12.5%. 

3.2. Effect of HRT on MFC performance 

HRT was increased stepwise from 12 h to 48 h at optimum 
COD/sulfate ratio of 1.66 obtained from the first part of 
the study. Additionally, COD and sulfate concentrations 
were kept constant at 1000 mg/L and 600 mg/L during 
this study part, respectively. 

In the first period, continuously-fed MFC was operated 
with HRT of 12 h and COD removal efficiency was reached 
to 79% (Figure 3A). Produced sulfide concentration as a 
result of biological sulfate reduction was around 
18.8 mg/L and the maximum sulfate removal observed in 
this period was about 26%, which indicated that the HRT 
remained inadequate for sulfate reduction activity, 
corresponding to 445 mg/L effluent sulfate concentration 
(Figure 3C). Additionally, the maximum power density of 
21 W/m2 was obtained in this study period, corresponding 
to a cell voltage of 640 mV (Figure 3B). In the subsequent 
two periods (period II and III), HRT was increased stepwise 
to 24 h and 36 h, respectively. In these periods, COD 
removal efficiency prominently increased and reached 
around 96%, corresponding to effluent COD concentration 
of around 30 mg/L (Ge et al., 2013). The increasing HRT 
from 12 h to 24 h and 36 h slightly increased cell voltage 
which approached to 675 mV and 690 mV, respectively. 
The maximum power density of 24 W/m2 was obtained in 
the period III at HRT of 36 h. The results indicated that 
high HRT was in favour of increasing power generation in 
dual-chamber MFC and the HRT of 36 h was found 
optimum for high MFC performance. 
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Figure 3. COD removal (A), voltage-power generation (B), and 

sulfate-sulfide profiles (C) observed in dual-chamber MFC 

Additionally, the increase in the bioelectricity production 
was due to the sufficient contact time between electron 
donor and bacteria related to high HRT (Figure 3A and 3B). 
When HRT was increased to 24 h and 36 h, sulfate 
removal increased and reached to 38% and 44% in the 
periods II-III, respectively. Dissolved sulfide concentration 

incrementally reached to 35.2 mg/L and 46.9 mg/L, 
respectively. In the last period, MFC was operated at HRT 
of 48 h. Significant variation in the effluent COD 
concentration was not observed compared to period III, 
corresponding to 27 mg/L and 97.2% removal efficiencies 
respectively. Increasing HRT resulted in improvement of 
sulfate removal efficiency which was 55% in period IV 
(Figure 3C). The increase sulfate profile can be explained 
that microorganisms responsible for anaerobic sulfate 
reduction has a relatively low growth rate, and thus long 
HRT level was increased microbial activity of SRB (Cirik 
et al., 2013). Sulfate removal and sulfide generation had a 
similar profile and compatible with each other. 
Sulfide production in the anode chamber of MFC reached 
to 60 mg/L, supporting sulfate removal data in the last 
period (Figure 3C). Very high HRT levels (≥48 h) adversely 
affected MFC performance in terms of bioelectricity 
generation and power density, which was decreased from 
24 W/m2 to 21 W/m2 (Figure 3B). Coulombic efficiency 
observed in our study was 7.4% in the first period and 
increased to 13, and 17.3% when HRT increased from 12 h 
to 24 h, and 36 h, in periods II, and III, respectively. 
The maximum coulombic efficiency of 24% was obtained 
in the last period at HRT of 48 h. 

Acetate oxidation, sulfate reduction, and proton exchange 
membrane properties are the main factors responsible for 
variance in pH and alkalinity. pH increment was observed 
as a result of sulfate reduction coupled with organic 
carbon oxidation. Additionally, the formation of organic 
acids and releasing of hydrogen ions during the anodic 
reaction (organic matter fermentation) decreased pH 
value in the anode chamber (Akman et al., 2013; Akman 
et al., 2014). Anode influent pH value was kept constant 
at 5.1 throughout the MFC operation. pH tended to 
increase at the first two periods and this increment was 
probably resulted from increasing sulfate removal 
efficiency at high HRT levels (Figure 3C). However, the 
significant increase in pH value was never observed in the 
periods III and IV, although sulfate removal efficiency was 
higher than other periods (period I and II) as a result of 
high performance of the proton exchange membrane 
(high proton diffusion rate through the membrane). 
Anode alkalinity values gradually increased from 624 
mgCaCO3/L to 757 mgCaCO3/L during all periods (periods 
I-IV) as a result of sulfate reduction and simultaneous 
organic carbon oxidation in the anode chamber. Influent 
cathode pH value was about 6.85. Effluent pH and 
alkalinity values of the cathode chamber were not 
affected from varying HRT due to the daily change with 
distilled water of the cathode content, corresponding to 
6.5 pH and 10.5 mgCaCO3/L alkalinity. 

3.3. Effect of azo dye concentration on MFC performance 

In this part of the study, MFC was operated under sulfate-
reducing conditions at different initial dye concentrations 
(50-1000 mg/L). COD/sulfate ratio was 1.66 (Table 1). 
Additionally, HRT was kept constant at 36 h during study 
periods. The profiles of COD, sulfate, azo dye removal and 
bioelectricity production were shown in Figure 4. 
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Figure 4. COD removal (A), azo dye concentration (B), sulfate-

sulfide profiles (C) and voltage-power generation (D) observed in 

dual-chamber MFC 

Since anaerobic azo dye reduction is an oxidation–
reduction reaction, a liable electron donor is essential to 
achieve high color removal rates. Acetate in the synthetic 
wastewater acted electron donor source for both sulfate 
and azo dye reductions, corresponding to 1000 mg/L 
influent COD. COD removal was 96% in the first period 
and decreased when influent azo dye concentration was 
increased. The observed COD removals in periods II-VIII 
were 95, 80, 71, 60, 44, 56, and 45%, respectively (Figure 
4A). 

As azo bond cleavage –N=N– involves a transfer of 
four-electrons (reducing equivalents), one-mole azo dye 
equals to 32 gCOD, corresponding to 0.043 gCOD/g azo 
dye (RBV-5R). Hence, the COD requirement for azo dye 
reduction even at the highest azo dye concentration 
(1000 mg/L) was calculated as 43 mgCOD/L. Some 
proportion of the substrates could be consumed for azo 
dye reduction, however, for a real perspective application, 
the COD demand of azo dye reduction to be negligible, 
and therefore there may be different factors responsible 
for decreasing COD removal efficiencies. One could be 
due to the toxic effects of azo dye and its breakdown 
products on the microorganism, another could be due to 
the aromatic amines that form due to cleavage of the 
–N=N– bond of RBV-5R contributed the residual COD, 
resulting in low COD removals. 

The variations of azo dye concentrations in the  
sulfate-reducing MFC are presented in Figure 4B. In the 
first period dye removal efficiency was 83% and decreased 
linearly proportional to increased influent dye 
concentration during periods II, III, IV, V, and VI 
corresponding to 78.8; 78.2; 76; 74.8; and 73.5% dye 
removal efficiencies; respectively. However, further 
increase in dye concentrations to 1000 mg/L; an 
unexpected improvement on dye removal was observed, 
corresponding to 92 and 91% azo dye removal efficiency 
which was similar to previously published studies 
(Marin et al., 2018; Sun et al., 2009). The high azo dye 

reduction by SRB may occur enzymatically or chemically 
with the sulfide produced during dissimilatory sulfate 
reduction. There may be two processes in this study 
responsible for azo dye removal: (i) chemical reduction by 
biologically produced sulfide and (ii) enzymatic reduction. 
In enzymatic azo dye reduction both influent COD (organic 
matter) and azo dye are expected to be reduced 
simultaneously, therefore chemical reduction seems 
dominant mechanism responsible for azo dye reduction as 
COD removal was relatively dropped. 

Time (Day)

320 340 360 380 400 420 440 460 480 500 520 540 560

B
en

ze
n
e-

b
as

ed
 a

ro
m

at
ic

 a
m

in
e 

(m
g
/L

)

0

25

50

75

100

125

150

200

400

600

800

1000

1200

N
ap

h
th

al
en

e-
b
as

ed
 a

ro
m

at
ic

 a
m

in
e 

(m
g
/L

)

0

50

100

150

200

400

600

800

1000

1200

Benzene-based

Naphthalene-based

Stoichiometry benzene-based

Stoichiometry naphthalene-based

Periods

           I                II                III                 IV                V             VI            VII           VIII
           50mg/L dye         100mg/L dye       150mg/Ldye          200mg/L dye       300mg/L dye    500mg/L dye    750mg/L dye      1000mg/L dye

                    

 

Figure 5. Benzene and naphthalene-based aromatic amine 

profiles observed in dual-chamber MFC 

Sulfate removal was initially increased from 56 to 74% by 
increasing influent azo dye to 100 mg/L (period II) 
however it decreased stepwise and dropped to 12% when 
influent azo dye concentration was 1000 mg/L which was 
the maximum azo dye concentration tested during this 
study (period VIII). Considering that the required amount 
of organic matter for azo dye reduction was quite lower 
than that for sulfate reduction, which was discussed 
above, the decrease of sulfate reduction should be due to 
toxic effects of azo dyes and breakdown products on the 
microorganism. Sulfide productions were parallel to 
sulfate removals supporting sulfate removal data 
(Figure 4C), however discrepancy in the balance of 
dissolved sulfide and reduced sulfate were again 
observed. The observed elemental sulfur was the main 
reason as discussed above. Similarly, Zhang et al. (2008), 
proposed the possibility to utilize the sulfate-reducing 
bacteria to convert sulfate to sulfide, then the MFC to 
convert the formed sulfide to elementary sulfur. 
Electricity production was slightly accelerated however it 
was relatively stable about 24-26 W/m2 compared to 
other operational parameters. Coulombic efficiency 
(10 Ω), was 17.2% in the first period and increased to 
17.6; 21; 24.9; 28; 38; 33; 34% when feed azo dye 
concentration increased from 50 to 100, 150, 200, 300, 
500, 750 and 1000 mg/L in periods II-VIII; respectively. 
As a result, increasing dye concentration increased the 
recovery of electrons. However, after dye concentration 
was increased to 1000 mg/L, the voltage generation was 
decreased from 700-780 mV to 650 mV. Similar results 
were reported by Marin et al. (2018). The chemically 
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reduced Remazol Brilliant Violet 5R products were used as 
aromatic amine standard due to the unavailability of true 
standards. There were two main peaks in HPLC 
measurements corresponding to the benzene-based and 
naphthalene based aromatic amines. An examination of 
the HPLC analyses results in Figure 5 reveals that the 
formation of aromatic amines indicates azo dye reduction. 
This suggests that bacterial cultures can reduce azo dyes 
and produce aromatic amines at sulfate reducing 
conditions. Stoichiometric values of formed products for 
each azo dye concentration applied were also added. 
Actually, accumulation of aromatic amines was expected 
since they are generally persisted to anaerobic conditions 
and tend to accumulate to toxic levels (Yasar et al., 2012). 
However, aromatic amine concentrations were always 
below stoichiometric values reflecting the removal of 
aromatic amines by attached anaerobes on sulfate 
reducing anodic electrode. It seems that this attached 
growth provides the biological removal of aromatic 
amines by facilitating the growth of specific 
microorganisms in high sludge ages which is in favor of 
low growing rate microorganism. There are few reports in 
literature related to aromatic amine degradation under 
sulfate reducing conditions. Increase in azo dye 
concentration resulted in increased aromatic amine 
removal. Benzene based aromatic amine removal was 
13% in the period I and reached to 95% in periods VI. 
Similarly, naphthalene based aromatic amine removal was 
97% in period VI. However, between days 520 and 569 
(period VII-VIII), increased aromatic amine formation was 
observed rather than removal especially for naphthalene-
based amine (Figure 5). This was probably due to the toxic 
effect of azo dye on microorganism since in these periods 
(VII and VIII) all biological parameters were fallen down. 
Alkalinity production was lower compared to previous 
parts and tended to decrease as dye loading was 
increased. Alkalinity production in period I was 637 
mgCaCO3/L at 50 mg/L dye concentration then dropped to 
478 mgCaCO3/L in period VIII. The effluent pH of the 
anode (periods I-VI) was close to 8.0-8.6 throughout the 
reactor operation although the feed pH was relatively low 
as 5.1. However, lower pH values observed in periods VII 
and VIII were probably due to the adverse effect of dye on 
microorganism activity. 

4. Conclusion 

In this study, the sulfate reducing MFC system has been 
successfully operated for simultaneous sulfate and dye 
removal. Under dye free conditions optimum COD/sulfate 
ratio and HRT were 1.66 and 36 h, respectively; 
corresponding to 96% COD, 44% sulfate removal and 
yielded about 24 W/m2 power density. MFC was 
successful for simultaneous reduction of sulfate and azo 
dye. Surprisingly 97% removal of break down products 
was achieved by sulfate reducing anaerobes. High azo dye 
concentrations (>500 mg/L) adversely affected biological 
parameters (COD, sulfate and aromatic amine), while dye 
removal and power density reached to highest values of 
92% and 26 W/m2, respectively. 
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