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ABSTRACT

This study investigated the effects of a microbial fuel cell (MFC) on the simultaneous decolorization
and desulfurization of azo dye wastewater. It showed that the conversion of sulfur at the anode
had a significant effect on electricity generation and decolorization. After adding 800 mg/L sulfate,
the active brilliant red X-3B (ABRX3) concentration in the effluent decreased from 208 to 67 mg/L
and the maximum power density output increased by 20%. To quantify the reaction processes, a
kinetics model based on a one-dimensional biofilm was developed. It showed that sulfur ions had a
direct decolorization effect on ABRX3. The reaction of sulfide and ABRX3 at the anode was a first-or-
der reaction. The decolorization and desulfurization mechanisms were validated by analyzing the
microbial community at the anode. Sulfate-reducing bacteria (SRB) on the anode fermented the lac-
tate to acetate. Then, electrogenic Geobacter used the acetate produced as a carbon source for electric-
ity generation. The sulfide produced by SRB acted as additional fuel and a reductant and promoted
the current generation and the reduction of azo bonds in the azo dye. Hence, the MFC showed poten-

tial for treating industrial textile wastewater.
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1. Introduction

Textile wastewater contains high concentrations of
bio-recalcitrant organics and toxic substances and is diffi-
cult to treat [1]. In the production of textiles, large amounts
of sulfate and other inorganic salts are also added [2,3]. Sul-
fate in wastewater is reduced to sulfide by sulfate-reducing
bacteria (SRB), which severely inhibits biodegradation in
biological treatment devices [4,5]. In recent years, limits on
sulfate concentrations have been proposed for the emission
standards of China. Therefore, the simultaneous removal of
sulfate and decolorization of textile wastewater should be
emphasized.

*Corresponding author.

A two-stage process is commonly adopted in commer-
cial decolorization and desulfurization treatments. First, the
sulfate is reduced to sulfide and blown off and then anaer-
obic decolorization treatment occurs in another reactor [6].
However, compared with traditional treatments, microbial
fuel cells (MFCs) are better at degrading azo dyes via an
extracellular electron transfer process [7]. Sun et al. [8] dis-
covered that the decolorization of azo dye was increased to
95% compared with 80.1% with traditional anaerobic treat-
ment. Microorganisms with extracellular electron transport
capacity were enriched on the MFC anode. Compared with
anaerobic treatment, anodes represent an extra electron
accepter and promote microbial metabolism [8]. Abundant
outer membrane heme cytochromes, such as OmcC, OmcB,
and MrtC, significantly promote the reduction of azo bonds
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[9,10]. Recently, a combined MFC—-photoelectrocatalytic cell
system was established for the complete decolorization and
degradation of azo dye [11,12]. Moreover, researchers also
found that sulfate could be reduced to sulfite in MFCs and
then oxidized into sulfur and deposited on the anode of the
MEC [13]. Accordingly, we postulated that decolorization
and sulfate removal could be achieved simultaneously at
the MFC anode.

Although efforts have been made to improve the decol-
orization of dye in MFCs and sulfate conversion, little is
known about the influence of sulfate conversion on decol-
orization and MFC current generation. As a strong reducing
agent, sulfide can quickly break azo bonds. Yoo et al. [14]
found that the sulfide produced from sulfate by Desulfovibrio
desulfuricans rapidly decolorized the azo dyes C. I. Reactive
Orange 96 and C. L. Reactive Red 120 under anaerobic con-
ditions. Therefore, the conversion of sulfate could improve
current generation and decolorization simultaneously in
MECs. Moreover, the synergistic metabolism of SRB and
electroactive bacteria (EAB) found within MFCs should be
elucidated to improve the treatment of textile wastewater.
However, there is little information on the function and
mechanism of sulfate in azo dye removal in MFCs.

This study used a two-chamber MFC for sulfate
removal and the decolorization of active brilliant red X-3B
(ABRX3). The relationship between sulfate conversion and
decolorization is discussed. Microbial community analysis
was used to clarify the mechanisms of simultaneous decol-
orization and desulfurization. In addition, a quantitative
analysis of sulfate conversion and the promotion of dye
decolorization were determined with a kinetic model.

2. Materials and methods
2.1. MFC fabrication and the inoculum

A two-chamber MFC made from Plexiglas was isolated
using a cation-exchange membrane (Qiangiu Group, Zhe-
jiang, China). The anode and cathode each had volumes of
70 mL. The anode was a graphite brush (Jinzhou Xinhaote,
China) sealed with a rubber stopper. The cathode consisted
of activated carbon (0.20-0.60 cm) and a stainless steel screen
clamped in the middle of the activated carbon. The anode
and cathode were connected by a copper wire. The MFC
was inoculated with effluent from a constructed wetland
MEC [11]. As the carbon source, 500 mg/L sodium acetate
was added. The medium consisted of 0.3 g/L K,HPO,, 0.2
g/L KH,PO,, 1.0 g/L NH,CI, 0.1 g/L CaCL,-2H,0, 0.1 g/L
MgCl,-6H,0, and 0.5 g/L FeSO,-7H,O. One week later, the
sludge from a secondary sedimentation tank, acclimated for
1 month to accumulate a sulfate-reducing consortium, was
added to the MFC. The carbon source was changed from
sodium acetate to sodium lactate.

2.2. Experiments

After a 1-month startup, batch experiments were con-
ducted. The components of the artificial wastewater (ano-
lyte) were as follows: 800 mg/L ABRX3, sodium lactate,
1183 mg/L Na,SO, (i.e., 800 mg/L SO,), 50 mmol/L phos-
phate buffer solution (PBS), 100 mg/L MgCl, 100 mg/L

CaCl,, and micronutrients [15]. The catholyte consisted of
50 mM PBS and was aerated throughout the experiment.
Before the 36-h batch experiment, the anolyte was purged
with nitrogen for 30 min. The test for sulfide oxidation in
the MFC was conducted in an abiotic anode.

2.3. Analysis

The sulfate, lactate, and acetate concentrations in
the samples were measured using ion chromatography
(ICS-2100; Dionex, Bannockburn, IL, USA) after filtra-
tion (0.45 um). Each sample from the reactor was diluted
50-fold and then treated in an SPE tube (18 SPE tubes 3
mL; Supelco, USA). KOH gradient elution was used to
separate anions in an IonPac AS19 guard column (4x50
mm) and an analytical column (4x250 mm). The meth-
ylene blue method was used to determine the sulfide
concentration [16]. The ABRX3 decolorization efficiency
was determined by measuring the absorbance at 540 nm
(UV9100; Lab Tech, Beijing, China). The MFC current
was recorded every 5 min with a data acquisition module
(DAM-3210; Art Technology, China). Polarization curves
were measured by regulating the external resistance from
10° to 5 Q. Electrochemical impedance spectroscopy (EIS)
of the MFC was performed at a frequency range from
100 kHz to 0.1 Hz. The EIS data were analyzed using
ZSimpWin 3.10 software (EChem, USA) based on the
equivalent electrical circuit [17]. The t-test was adopted
according to previous work [18]. The microbial commu-
nities on the electrodes were determined using 165 rRNA
high-throughput pyrosequencing [19].

2.4. Model development

Starting with a previous one-dimensional biofilm
model, we combined sulfate reduction and sulfide oxidiza-
tion in the model. The model was developed based on four
assumptions.

1. We ignored the anode microorganisms in the ano-
lyte.

2. SRB metabolized the lactate.

3. EAB consumed the acetate at the MFC anode.

4. There was no concentration gradient in the main

body of fluid.

2.4.1. Reactions in the MFC anode

Si represented the concentration of component i. X,
X;ap and X, were biomass corresponding to the sulfate, the
lactate and the acetate transform process respectively. The
units were in mg-N L for all nitrogenous species, mg-S L™
for all sulfur species, and mg-COD L for all organics.

Process 1: The Monod-type equation was used to
describe the kinetics of the SRB metabolism. The SRB
degraded lactate into acetate and yield biomass. The sul-
fate, as the electron acceptor, was reduced into the sulfide
under anaerobic condition in the anode [Eq. (S1)]. Four
kinetic expressions were described as follows:

SOX +2C,H,0; +40H™ =S> +2CH,COO™ +2C0O> +4H,0 (S1)
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Process 2: EABs degraded the acetate [Eq. (52)]. The
kinetic expression was stated as follows:

CH,COO™ +2H,0=2CO,+7H" + 8¢~ (52)
dScmcoo* __Meap SCH3COO’ X )
dt Yo S + KEAB FAB

CH,CO0™ CH,CO0"

Process 3: Facultative bacteria competed lactate with
SRB [Eq. (S3)]. The kinetic expression for this process was
as follows:

C,H,0,” - 1.5CH,COO™ +0.5H" (S3)
dSCH3COO’ Wpg SCaHso{

T VS ek 2

t FB ~'C,H;05 + C3H505”

Process 4: The anode of MFC oxidized S* (Eq. (S4)).
§* 5 S+2¢ (54)
das* -
= K xS’ 7)

Process 5: Azo dye was reduced by 5* (Eq. (S5)).

$*+05R-N=N-R —S+0.5R-NH, +0.5R’ -~ NH, (S5)
2 2

=—K. xS* (8)

Process 6: Azo dye anaerobic biological decolorization
in MFC

Bio-recalcitrant organics degradation is achieved by
enzyme excreted by organism and the bioelectrochemical
reaction. It is difficult to describe the process by a Monod-
type equation. According to the profile of ABRX3 concen-
tration during the degradation, The first-order kinetic
equation was chosen to describe the decolorization in MFC
anode.

s>

dt = T Nmicroorganism

xS 9)

2.4.2. Kinetic parameters of mathematical model

Under anaerobic conditions, SRB use volatile organic
acids as electron donors to reduce sulfate. SRB with the abil-
ity to oxidize lactate rather than acetate predominate when
sufficient lactate is supplied as the carbon source [24]. In
addition, the specific growth rate of SRB oxidizing lactate is
faster than that of SRB oxidizing acetate. In this study, lac-
tate was provided at high concentrations and rapid desul-
furization was observed. The process of sulfate reduction is
described in Eq. (S1); possible acetate oxidation by SRB was
ignored. Most of the EAB, such as Geobacter metallireducens
and Geobacter sulfurreducens, could metabolize only acetate
and not lactate or other complex organic compounds [25].
Geobacter was the dominant species in the inoculation, as
we confirmed previously [26]. Therefore, to simplify Pro-
cess 2, the consumption of lactate by EAB was ignored, and
we considered only the consumption of acetate by bacteria.
Nevertheless, the extracellular electron transfer ability of
some SRB was ruled out because the sulfate concentration
remained static after running out of lactate (as shown in
Fig. 3).

The model parameters regarding EAB (Egs. (52), (5))
were obtained from Moosa et al. and Xu et al. [20,27]. The
parameters for sulfide oxidation at the anode and consump-
tion by azo dye were acquired by fitting the data with a
first-order kinetic equation. The model parameters for sul-
fate reduction (Egs. (S1), (1)-(4)) were estimated.

3. Results and discussion
3.1. Model fitting

Fig. 1A shows the current output by the MFC that con-
sumed sulfide as the only electron donor. As soon as the
circuit was closed, the current immediately increased to
0.35 and 0.58 mA at 1000 and 500 Q, respectively. Over the
first 3 h, the current increased slightly to 0.48 and 0.67 mA,
respectively, and then decreased gradually to 0.28 and 0.33
mA after 24 h. Compared with 1000 Q, the 500 Q resistor
increased the total current output. Fig. 1B shows the sul-
fide removal in the MFC. First-order kinetics described the
sulfide removal. The kinetic constants for sulfide removal
at 1000 and 500 Q were 0.049 h™ (R?= 0.992) and 0.060 h™*
(R*=0.997), respectively, which corresponded to the current
output in Fig. 1A.

Dutta et al. [28] developed a similar reactor and found
that, compared with 50 Q, the current at 10 © improved
4-fold. When the external resistance was decreased, the
current approached the limit of the anode. Essentially, the
current reflected the sulfide oxidation reaction rate at the
anode, with a higher current corresponding to a higher
sulfide removal rate. The anodic microbial film does not
appear to retard the oxidation of sulfur ions at the anode
[13]. Therefore, the kinetic constants of sulfide removal
determined here can be used when the biofilm is attached
to the surface of the anode. Oxidation from sulfide to other
high-valence states in this MFC was ignored because of
the extremely low concentration of oxygen as the electron
acceptor at the anaerobic anode [29,30]. In general, the
first-order kinetic constant of sulfide oxidation represented
the reaction at the anode.
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Fig. 1. Sulfide reduction at the electrode. (A) Time-current
curves of the MFC with sulfide as the only electron donor. (B)
The evolution of sulfide oxidation at 500 and 1000 Q during a
batch period.

As shown in Fig. 2A, the Absorption of ABRX3 with
different ratios of added sulfide decreased gradually. When
the ratio was 4.2:1, there was little attenuation of the ABS.
As sulfide reduced ABRX3, we chose a mass ratio of 4.2:1.
Fig. 2B describes the decolorization of ABRX3 in the MFC.
After 36 h, the ABRX3 concentration decreased from 800 to
~230 mg/L at resistances of both 500 and 1000 €, with no
significant difference between the two tested resistances
(P>0.05, t-test). Therefore, the same first-order kinetic con-
stant (0.041 h™!, R?= 0.9837) was fitted in this study.

The rapid chemical decolorization of azo dye with sul-
fide has been reported in an anaerobic reactor [14,31]. It
has been proven that sulfide had no influence on electricity
production, even at a concentration of ~200 mg/L [13]. The
maximum theoretical sulfide concentration in this experi-
ment was ~200 mg/L. Therefore, the toxic effects on micro-
organism metabolism and decolorization at the anode were
ignored. Although no sulfate was added at the anode in this
test, this kinetic constant was still used when sulfate was
added.

A previous study concluded that low resistance favored
the removal of ABRX3. However, the difference in removal
efficiency was minimal, as shown in Fig. 2B. The mecha-
nism for accelerating decolorization in the MFC was as fol-
lows: the graphite brush functioned as an electron acceptor

! I ! I ! I ! |
400 450 500 550 600
Wavelength (nm)

H 1000 Q
® 500Q

ABRX3 concentration (mg/L)

Time (h)

Fig. 2. Efficiency of decolorization by sulfide and the MFC with-
out added sulfate. (A) Ultraviolet-visible absorbance for differ-
ent ratios of sulfide to ABRX3. (B) ABRX3 decolorization in the
MEC without sulfate addition over 36 h.

and was sufficient for microorganism metabolism, facili-
tating the generation of electrons and reduction of the azo
dye [8,32]. In our experiment, the high lactate concentration
provided sufficient electron donors for breaking the azo
bonds. Therefore, no acceleration at the anode was evident.
Based on the equations in Processes 14, the experimen-
tal data and fitting results are depicted in Fig. 3A. During
the first 9 h, lactate was consumed and transformed into
acetate, which corresponded to the drop in the sulfate con-
centration. Then, the acetate concentration slowly decreased
to ~600 mg/L, while the sulfate concentration was main-
tained at ~170 mg/L. The coulombic efficiency was 8.78%.
The current came from both the sulfide oxidation and the
Geobacter extracellular electron transfer. It may not accurate
to certified the contribution of the sulfide oxidation and the
Geobacter to the current generation and the electron donner.
Based on the experimental results when using 2500
mg/L lactate (Fig. 3A), the SRB biomass density (p,,,), SRB
initial volume fraction (R,,), and yield coefficient (Y, ,) were
estimated to fit Eq. (S1), and the initial EAB volume fraction
(R,,;) and initial FB volume fraction (R,,) were estimated
based on the sensitivity ranking of parameters in the sup-
porting information. Table 1 lists the revised values of the
kinetic and stoichiometric parameters used in our model.
Given the rapid sulfate removal rate, a 58% initial vol-
ume fraction of SRB was obtained by parameter estimation.
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Fig. 3. Model fitting of the results of the sulfate reduction, sul-
fide oxidation, acetate oxidation, and ABRX3 decolorization
equations to the experimental data at lactate = 2500 mg/L. The
solid line represents the simulated result and the points the ex-
perimental data.

According to a previous study [20], Desulfobulbus, a typical
incomplete-oxidation SRB, accounted for 24% of the rela-
tive abundance when oxygen was fed into the reactor. The
lack of oxygen may have resulted in the high initial volume
fraction.

Fig. 3B plots the decolorization of ABRX3. The
ABRX3 concentration decreased from 800 to 66.7 mg/L.
As incomplete oxidizers, the SRB in the MFC anode
degraded the lactate into acetate and reduced the sulfate
into sulfide. In previous work, this conversion process
usually continued for 1-5 d [33]. The rapid rate of sulfate
reduction in our work was attributed to the huge area of
the graphite brush compared with carbon felt. The sig-
nificant improvement of 133 mg/L ABRX3 decolorization
was attributed to the reduction by the sulfide from the
sulfate reduction.

3.2. Sensitivity analysis of the parameters

Fig. 4 shows the sensitivities of the model parameters
for lactate consumption. As shown in Fig. 4A, the rate of
lactate consumption decreased as the p,,, value increased.
Figs. 4B and C show the respective effects of Y, and R,

Table 1
Kinetic and stoichiometric parameters of anode reaction

Parameter Definition Value References

Horp Maximum specific growth  0.061 [19]
rate of SRB, h!

KSO, SRB  Sulfate affinity constant for 3.85 Measured
SRB, mg S L™

Klactate Lactate affinity constant for 18.5 [19]

SRB SRB, mg COD L™

Hpag Maximum specific growth  0.02 Assumed
rate of EAB, h!

Kacetate Sulfate affinity constant for 150 [20]

EAB EAB, mg COD L*

Mg Maximum specific growth  0.18 [19]
rate of FB, h™!

Klactate FB Lactate affinity constant for 20 [19]
SRB, mg COD L~

icro First-order kinetic 0.035  Measured

of microorganism
decolorization, h™!

K, First-order kinetic for sulfide 0.047  Measured
oxidation by azo dye, h!

ecrode First-order kinetic for 0.065  Measured

sulfide oxidation by the
electrode, h™!

bery Endogenous decay rate of ~ 0.035 [19]
SRB, h™!

b, s Endogenous decay rate of ~ 0.00083 [21]
EAB, h™!

b, Endogenous decay rate of ~ 0.0258  [19]
FB, h™!

Yirs Yield coefficient for SRB, g 0458  Measured
VSS g1 COD

Yo Yield coefficient for EAB, g  0.212 [22]
VSS g COD

Y., Yield coefficient for FB, g 0.67 [19]
VSS g1 COD

Psrs The SRB biomass density in 86912  Measured
biofilm, mg/L

Ropp The SRB volume fraction in  58% Measured
biofilm

P..s The EAB biomass density in 64200 Assumed
biofilm, mg/L

R.,., The EAB volume fraction in 3% Measured
biofilm

P The FB biomass density in 64200  Assumed
biofilm, mg/L

R, The FB volume fractionin  4.6% Measured
biofilm

A The area of biofilm, m? 0.104 Measured

1% The volume of anode 70 Measured

chamber, cm?

on the configuration file. The rate of lactate consumption
increased with Y.,. At high values of R, and p,.,, the
effect on the lactate consumption rate was minimal. Con-
versely, when R, and p,,, decreased, the lactate consump-
tion rate changed significantly.
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Y, represents the electron distribution of cell metabo-
lism [34]. A high Y, resulted in a lower lactate consump-
tion rate. However, a low Y, could not satisfy the balance
between synthesis and decomposition, leading to the death
of the SRB (Fig. 4B). In this study, the density and initial
ratio of the SRB biofilm could be fitted by the data because
of the high sensitivity. The significant deviation of a pro-
files implied high sensitivity of R  ,and p,,, which could
be determined by the parameter estimation according to
the supporting information. Compared with the other
parameters, K, . had less effect on the lactate consumption
(Fig. 4D).

3.3. Pollutant removal performance and power generation

Fig. 5A shows the decolorization efficiency under dif-
ferent lactate concentrations. Of the three lactate concentra-
tions, the best decolorization occurred at 2000 mg/L. An 80
mg/L decrease at 36 h was observed, which was attributed
to sulfate reduction. By oxidizing lactate to acetate, the SRB
utilized sufficient electrons to produce sulfide. Therefore,
better decolorization efficiency was acquired because there
was sufficient sulfide corresponding to the higher lactate
concentration.

Figs. 5B-D show the evolution of sulfate, lactate, and
acetate in the MFC. After the rapid exhaustion of lactate,
acetate accumulated. Then, the acetate concentration
decreased. As the lactate concentration decreased, more
sulfate was maintained in the MFC. A lactate dosage of
2000mg/Lresulted in 250 mg/Lsulfate after 36 h, whereas

the acetate concentration decreased to 363 mg/L. The
respective sulfate and acetate concentrations were 431
and 213 mg/L with an initial concentration of 1500 mg/L
lactate, and 500 and 117 mg/L with 1000 mg/L lactate.
The high concentrations of electron donors provided suf-
ficient electrons for the reduction of sulfate. As shown in
Fig. 4, the final concentration of sulfate decreased, while
the lactate concentration increased. After the depletion of
lactate, the sulfate concentrate remained constant, which
indicated that the SRB oxidizing lactate to acetate pre-
dominated in the MFC. Therefore, the simplification of
sulfate reduction in the model in this study was suitable.
The capacity of the model to describe the sulfate transfor-
mation and decolorization kinetics in our MFC with the
estimated-revised parameters confirmed the validity of
the model (Fig. 5).

Fig. 6 shows the power output characteristics. The
maximum power density decreased by 20% without added
sulfate. The power output of the MFC in this experiment
was related not only to the EAB but also to the sulfate. The
sulfide was oxidized at the anode and released electrons,
increasing the current output. A difference was observed
in the Nyquist plot, as shown in Fig. 6B. By fitting data
with an equivalent circuit R(CR)(QR), resistances were
acquired. The ohmic, cathode, and anode resistances were
115.4, 28.2, and 164.9 Q, respectively. After adding sulfate,
the resistances changed to 90, 29.4, and 136.2 Q, respec-
tively. The decrease in ohmic resistance may have resulted
from the increased conductivity caused by the addition
of 800 mg/L sulfate. Nevertheless, the resistance of the
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Fig. 6. Power output characteristics under different resistors. (A)
Polarization curve of the MFC. (B) Nyquist plot of the MFC.

anode also decreased. Therefore, by reducing the anode
and ohmic resistances, the power output was increased by
adding sulfate.

3.4. Mechanisms of decolorization and desulfurization at the
MFC anode

The microbial community was analyzed to validate the
reactions proposed in the kinetic model and to elucidate the
mechanism of the simultaneous decolorization and desul-
furization in this study. Eight bacterial genera with relative
abundances >1% were discovered in the anode (Fig. 7A).
Three SRB predominated: Desulfovibrio (7.51%), Macellibac-
teroides (11.0%), and Veillonella (32.7%). Desulfovibrio is com-
monly found in aquatic environments with high levels of
organics and sulfate, and is regarded as the main SRB [35].
Macellibacteroides separated from an upflow anaerobic filter
treating abattoir wastewater was also proved to reduce sul-
fate [36]. Veillonella has also been shown to reduce sulfate
[37]. Note that all three genera of bacteria showed incom-
plete fermentation capacity, and used lactate as a carbon
source rather than acetate. In addition, Geobacter (5.11%),
a typical anaerobic species with the strongest current gen-
eration capacity, was observed in the anode. Geobacter is
reported to use only acetate as carbon source [38]. There-
fore, in this study, SRB initially fermented lactate to produce
acetate, and the SRB reduced sulfate, as an electron accep-
tor, into sulfide. Then, the acetate was used as a carbon
source to generate electricity. The current came from both
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Fig. 7. Mechanisms of decolorization and desulfurization at the
anode. (A) Taxonomy of the microbial community classified at
the genus level. (B) Schematic diagram of the reactions at the
bioanode.

sulfide oxidation and Geobacter extracellular electron trans-
fer. The total relative abundance of SRB was 51.5%, while
that of electrogenic bacteria was 5.7%, which were near the
parameters proposed for our kinetic model. Therefore, the
kinetic model and mechanism of the reactions proposed
were accurate and can guide the treatment of textile waste-
water in MFCs.

4. Conclusion

Simultaneous ABRX3 decolorization and sulfur removal
were achieved in one MFC for the first time. The influence
of different concentrations of sulfate on MFC power gen-
eration and decolorization was assessed by establishing a
mathematical model to describe the kinetic processes. The
rapid reduction of sulfate to sulfide led to a 15% increase
in the MFC power density and the decolorization rate
increased from 74% to 91%. Therefore, the MFC described
here has the potential for decolorizing azo dyes and remov-
ing sulfate in textile wastewater simultaneously.
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