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a b s t r a c t

The objective of this study was to investigate the feasibility of pyridine biodegradation in the micro-
bial fuel cell (MFC), from which electricity was generated. Experiments were initially conducted in a
graphite-packed MFC (G-MFC) using a pyridine concentration of 500 mg/L combined with different glu-
cose concentrations. Pyridine of 500 mg/L only used as the G-MFC fuel resulted in a maximal voltage
of 116 mV and a maximal power density of 1.7 W/m3. The maximal voltage reached within 12 h when
pyridine was totally depleted. The glucose supplement with concentrations of 500, 250, and 100 mg/L
resulted in the maximum voltages of 623, 538, and 349 mV, respectively, correspondingly the maximal
volumetric power densities were 48.5, 36.2, and 15.2 W/m3. Pyridine biodegradation rates reached 95%
yridine
lucose
iodegradation

within 24 h using the G-MFC. Interestingly, after 90 d of acclimation, the biodegradation rates of pyridine
in the G-MFC using pyridine only as the fuel were higher than those using the glucose–pyridine mix-
tures. Further experiments were conducted using a graphite fiber brush MFC (B-MFC). Compared to the
G-MFC, the B-MFC enhanced the electrical charges by 89, 186, and 586% for the mixtures with ratios of
glucose-to-pyridine of 1:1, 1:2, and 1:5, respectively. GC/MS analyses of the anode solution indicated that

e in t
y be u
the metabolism of pyridin
suggest that pyridine ma

. Introduction

Pyridine is classified as a hazardous substance in the USEPA
United States Environmental Protection Agency) list of priority pol-
utants [1,2]. As a typical representative of heterocyclic compounds,
yridine is often detected in the wastewaters from coking plants,
harmaceutical factories, and other relative industries. Because of
yridine’s toxic and teratogenic nature, discharging of pyridine-
ontaining wastes has an adverse impact on human health and the
nvironmental quality [3–5]. It has been reported that pyridine and
ts derivatives are difficult to be degraded by bacteria under aerobic
nd anaerobic conditions for their toxicity to microbial communi-
ies unless enduring a long period of acclimation [3,6,7].

It has been reported that the microbial fuel cell (MFC) can be
sed for wastewater treatment [8]. Various types of biodegradable
rganic matter have been used as fuels to generate electricity in the
FC, including acetate, glucose, cellulose, and organic mixtures in

he municipal wastewater [9–12]. However, different organics in
he MFCs have resulted in different power outputs. The maximum

ower density of the MFC reported in the literature is generated
sing acetate as the fuel [13]. Catal et al. [14] demonstrated the
ossibilities of electricity production from furan derivatives and
henolic compounds using the MFC. Their results also showed that

∗ Corresponding author. Tel.: +86 20 84110052; fax: +86 20 84110267.
E-mail address: liugl@mail.sysu.edu.cn (G. Liu).

304-3894/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2009.07.027
he MFC was initiated by ring reduction and NH3-N production. The results
sed as the MFC fuel in practical applications of wastewater treatment.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

trans-cinnamic acid and 3,5-dimethoxy-4-hydroxy-cinnamic acid
could not be used as the fuel and reduced the electricity generation
from glucose at a concentration up to 10 mM/L. Syringaldey-
hde, vanillin, trans-4-hydroxy-3-methoxy, and 4-hydroxy cinnamic
acids can be used for electricity generation even at a concentration
of 5 mM/L. Recently, it is reported that phenol can be used as fuel
in the MFC and the maximum power density reaches to 9.1 W/m3

[12]. From the point view of applications, the MFC may be a power-
ful tool for the wastewater treatment. However, various recalcitrant
compounds are found in wastewaters. Therefore, it is essential to
investigate the feasibility of biodegradation of recalcitrant com-
pounds, such as pyridine, among the N-heterocyclic compounds,
and their possible electricity generation using the MFC.

Pyridine has not previously been examined as substrate for elec-
tricity generation in the MFC and its degradation pathway in the
MFC has not been investigated. In this study, we conducted various
experiments to examine electricity production from pyridine and
its biodegradation in the MFC. The metabolic pathway of pyridine or
the mechanism of electricity production from pyridine in the MFC
was also explored.

2. Materials and methods
2.1. MFC configuration

A graphite-packed MFC (G-MFC) was constructed as described
by Luo et al. [12]. The MFC consisted of two chambers, which

ghts reserved.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ere separated by a proton exchange membrane (PEM, Nafion
12, Dupont Co., USA). Each chamber was with a volume of
7 cm3 (9.0 cm × 2.0 cm × 1.5 cm) and stocked with graphite gran-
le (16–20#), leaving a non-packed working volume of 8 cm3. A
iece of carbon cloth (9 cm × 2 cm; UT70-20, Toray Co., Japan) was

nserted into each of the two chambers to collect current. In the
athode, potassium ferricyanide (50 mM) was used as the terminal
lectron acceptor because potassium ferricyanide was more stable
han oxygen based on our experiment. Another type of the MFC was
onstructed using graphite fiber brush MFC (B-MFC). The B-MFC
as almost the same as the G-MFC, but the electrodes were replaced

y graphite fiber brush and the working volume of anode cham-
er was much larger (20 cm3). To collect solution samples easily

rom the anode chamber during the experiments, an anode groove
as set up, which was a brown bottle (500 mL capacity) connected
ith the anode chamber. Similarly, a cathode groove was set up to

alance the flow rates in the two chambers. The anode bottle was
lled with solutions of 200 mL throughout the experiments. A peri-
taltic pump was used to cycle the flow at a constant flow rate of
0 mL/min in the grooves.

The MFC was kept in a water bath with 30 ± 0.1 ◦C. Samples of
he anode solution were taken at a time interval of 3 h from the
node groove. Concentrations of glucose, pyridine, and COD were
easured using the samples. Cell voltages across a fixed external

esistance of 1000 � were measured using a multimeter with a
ata acquisition system (DTCL-50, Australia). The acquisition sys-
em recorded the data at a time interval of 30 s.

.2. Microbial inoculum and MFC operation

Two hundred milliliters of mixed aerobic and anaerobic acti-
ated sludge collected from Liede Municipal Wastewater Treatment
lant of Guangzhou City, were used for inoculating the MFC. At the
eginning, 1000 mg/L glucose was used as the MFC fuel. When the
aximum voltage output reached 680 mV and repeatable cycles of

ower generation were achieved, indicating the biofilm was suc-
essfully inoculated onto the anode, pyridine–glucose mixtures
ere replaced as the substrate. The pyridine–glucose mixtures

ncluded two groups: the first group consisted of pyridine of
00 mg/L mixing with glucose of 500, 250 and 100 mg/L, respec-
ively; and the second group consisted of glucose of 500 mg/L

ixing with pyridine of 0, 500, 750, 1000 mg/L, respectively. A
yridine concentration of 340 mg/L has been reported to be toxic
or several bacterial strains [15,16]. To explore the possibility of
sing pyridine as fuel in the MFC, the pyridine concentration of
00 mg/L was selected in this study. Meanwhile, a control experi-
ent with graphite but without bacteria was conducted to examine

he absorption effect of graphite on pyridine. The anodic solu-
ion contained (in 1 L deionized water): 4.0896 g Na2HPO4, 2.544 g
aH2PO4, 0.31 g NH4Cl, 0.13 g KCl, 12.5 mL trace element solution,
nd 12.5 mL vitamin solution [17], and pH of the solution was
djusted to 7.0. Before operating, the anode groove was flushed
ith N2 for 15 min to eliminate dissolved oxygen in the anode

hamber.
Biodegradation processes of pyridine were measured in three

ifferent operation systems: the G-MFC, an anaerobic biodegrada-
ion system, and an aerobic biodegradation system. The anaerobic
or aerobic) biodegradation system was set up using the anaerobic
or aerobic) activated sludge (moisture of 70%) obtained from Liede

unicipal Wastewater Treatment Plant. The sludge was put into a
00-mL flask containing 200 mL of 500 mg/L pyridine. The flasks

ere incubated at 30 ◦C on a rotary shaker at 150 rpm. Sampling
ethods and frequencies in the anaerobic and aerobic biodegrada-

ion systems were the same as that in the MFC.
After the starting period (about 20 d) using 1000 mg/L glucose

s the fuel, the G-MFC was operated using the pyridine–glucose
Materials 172 (2009) 465–471

mixtures and pyridine in a period of more than 90 d. As shown
in Table 1, the pyridine concentration of 500 mg/L was combined
with glucose concentrations of 500, 250, and 100 mg/L sequentially
as the pyridine–glucose mixtures used as the MFC fuel. Using the
mixture with a glucose-to-pyridine ratio of 1:1, the MFC was oper-
ated from days 1 to 6. During the period, repeatable power cycles
were obtained. Then the fuel was replaced with the mixture with a
glucose-to-pyridine ratio of 1:2, operating from days 7 to 10. After
repeatable power cycles were obtained, the fuel was replaced with
the mixture with a glucose-to-pyridine ratio of 1:5, operating from
days 11 to 15. Finally the fuel was replaced with pyridine only and
the system was operated from days 16 to 90, when repeatable power
cycles were generated.

Similarly the B-MFC was operated using the pyridine–glucose
mixtures as the fuel after the starting period. The mixtures with
ratios of glucose-to-pyridine of 1:1, 1:2, and 1:5 were sequentially
used as the MFC fuel. For each mixture, the B-MFC was operated for
one electrical cycle. Then the mixtures were changed to 500 mg/L
glucose combining with 0, 500, 750, and 1000 mg/L pyridine to
repeat the operation.

2.3. Analyses and calculations

The area power density (PA, W/m2) and volumetric power den-
sity (PV, W/m3) are calculated using the following equations:

PA = U2

RA
(1)

PV = U2

RV
(2)

where U is the voltage (V) and R is the external resistance (�), A is
the projected surface area of the electrode (cm2), and V is the net
volume of the anodic chamber (m3). The Coulombic efficiency was
calculated as the total coulombs (C) measured divided by the moles
of electrons available from the added substrates [18]:

CE = 100%

∑n
i=1Uiti

RFb �SV
M = 100%

EM

Fb �SV
(3)

here Ui is the output voltage of MFC at time ti, F is Faraday’s constant
(96485 C/mol electrons), b is the number of moles of electrons pro-
duced per mol of the COD (4 mol e−/mol COD), �S is the removal of
COD concentration (g/L), V is the liquid volume (L), M is the molec-
ular weight of oxygen (32 g/mol), and E is the coulombic number.

Pyridine concentrations were analyzed using a high perfor-
mance liquid chromatography (HPLC) system (Agilient 1100 with
UV detector; TC-C18 reverse-phase column, 250 mm × 4.6 mm,
5 �m). Samples were prepared by filtration with 0.2 �m pore
diameter membrane and stored at 4 ◦C. The elution solvent con-
sisted of a mixture of methanol and water (80:20, v:v) and the
254 nm wavelength was used to detect pyridine with a flow
rate of 1 mL/min. Anode solutions were analyzed using GC/MS
(QP2010) with a Finnigan Trace GC ultra coupled to a Finnigan
Trace DSQ mass spectrometer to identify the possible metabo-
lites of pyridine. The temperature of the GC/MS column (TR-5MS,
30 mm × 0.25 mm × 0.25 �m) was started at 40 ◦C and kept the
temperature for 2 min, then increased at 5 ◦C/min to 250 ◦C and
kept the temperature for 5 min, and finally increased to the tem-
perature of 280 ◦C and kept for 2 min. The COD and NH3-N were
determined according to the standard methods [19]. Glucose was
analyzed by the anthrone method [20].
Bacterial morphologies on the graphite (anode) were observed
using a scanning electron microscope (SEM) (JSM-6330F, Japan).
Before observations, the anodic graphite were fixed overnight with
2.5% glutaraldehyde in a buffer solution (0.1 M cacodylate, pH = 7.0,
and 4 ◦C), washed six times in the buffer, dehydrated stepwise
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Table 1
Concentrations and biodegradation rates of COD and pyridine in the G-MFC using different fuels within different operation periods.

Ratio of concentrations (mg/L)
of glucose-to-pyridine

Time (h) COD (mg/L) COD biodegradation rate (%) Pyridine (mg/L) Pyridine biodegradation rate (%)

500:500 (1–6 d)a 0 1371.7 ± 24.7b 0.0 ± 0.0 500.0 ± 0.0 0.0 ± 0.0
3 565.3 ± 30.1 58.8 ± 1.4 351.7 ± 3.5 30.5 ± 1.4
6 372.6 ± 23.7 72.8 ± 1.2 171.0 ± 10.0 69.4 ± 1.3
9 334.8 ± 15.0 75.6 ± 0.8 124.0 ± 6.9 76.0 ± 1.0

12 304.2 ± 31.2 77.8 ± 1.9 0.7 ± 1.2 81.7 ± 1.2
24 277.9 ± 19.4 79.7 ± 1.0 NDc 99.9 ± 0.1
36 221.8 ± 22.5 83.8 ± 1.9 ND 100.0 ± 0.0
48 179.6 ± 11.1 86.9 ± 0.6 ND 100.0 ± 0.0

250:500 (7–10 d) 0 1169.0 ± 70.2 0.0 ± 0.0 500.0 ± 0.0 0.0 ± 0.0
3 564.8 ± 13.7 51.6 ± 1.7 376.8 ± 6.8 23.9 ± 0.3
6 421.6 ± 7.9 63.9 ± 1.5 231.5 ± 3.4 53.7 ± 0.6
9 336.4 ± 5.6 71.1 ± 2.1 145.1 ± 4.4 71.2 ± 0.7

12 305.3 ± 5.4 73.8 ± 1.9 132.9 ± 1.9 74.6 ± 1.1
24 188.5 ± 1.4 83.8 ± 0.8 5.4 ± 3.0 98.8 ± 0.2

100:500 (11–15 d) 0 1138.8 ± 139.2 0.0 ± 0.0 500.0 ± 0.0 0.0 ± 0.0
3 545.0 ± 22.0 51.8 ± 4.7 384.8 ± 8.9 23.2 ± 1.1
6 439.0 ± 44.3 61.3 ± 2.7 237.6 ± 6.7 50.1 ± 1.8
9 333.8 ± 15.0 70.5 ± 2.4 160.7 ± 9.5 66.4 ± 2.2

12 280.7 ± 10.3 75.1 ± 3.6 121.6 ± 1.8 73.9 ± 3.4
24 178.9 ± 16.5 84.0 ± 3.1 25.8 ± 4.1 94.9 ± 0.2

0:500 (16–20 d) 0 1128.3 ± 30.1 0.0 ± 0.0 500.0 ± 0.0 0.0 ± 0.0
3 750.3 ± 49.5 33.5 ± 2.6 373.4 ± 10.1 27. 6 ± 2.0
6 699.7 ± 50.0 38.0 ± 2.8 341.6 ± 16.1 34.0 ± 3.2
9 613.3 ± 12.6 45.6 ± 1.3 261.3 ± 10.3 50.0 ± 2.1

12 523.0 ± 25.6 53.6 ± 2.2 242.4 ± 9.2 53.6 ± 1.8
24 110.0 ± 13.1 90.3 ± 0.9 27.9 ± 3.7 94.7 ± 0.7

0:500 (90 d later) 0 1135.7 ± 32.8 0.0 ± 0.0 500.0 ± 0.0 0.0 ± 0.0
3 538.7 ± 16.3 56.2 ± 3.0 246.6 ± 5.7 48.0 ± 1.7
6 365.6 ± 12.5 70.2 ± 2.9 222.9 ± 6.3 79.3 ± 0.5
9 335.5 ± 6.1 72.7 ± 2.3 156.7 ± 7.6 88.7 ± 0.3

12 285.9 ± 3.8 76.7 ± 2.1 ND 100.0 ± 0.0
24 254.2 ± 8.2 79.4 ± 1.1 ND 100.0 ± 0.0
36 223.3 ± 22.5 81.9 ± 1.4 ND 100.0 ± 0.0
48 179.7 ± 19.2 85.4 ± 1.7 ND 100.0 ± 0.0
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a The numbers in the parentheses are the operation periods in the MFC.
b The values are mean ± standard deviation (n = 3).
c Not detected.

n a graded series of ethanol/water solutions (30, 50, 70, 90, and
00%), and then dried (CO2-critical point) for 3 h. Samples were
hen coated with Pt before the SEM observations.

Cyclic voltammetric (CV) measurements were performed with
n electrochemical system (CHI 660c; Shanghai). A gold working
lectrode, a platinum counter electrode, and an Ag/AgCl reference
lectrode were used in test tubes filled with the anode solution. The
V was conducted at a scan rate of 25 mV/s [21] and with voltages
anging from −0.45 to 0.90 V.

. Results

.1. Power generation from pyridine–glucose mixtures

Results of the control experiment with graphite but without
acteria showed pyridine absorption by graphite was 2.5–5.0%,
hich was negligible. In the G-MFC, repeatable power cycles were

bserved with the pyridine–glucose mixtures as fuels. Typical six
ycles (two cycles from each mixture) of electricity generation
re shown in Fig. 1A. Voltages were rapidly generated with the
yridine–glucose mixtures, which was similar to the power gener-
tion with glucose alone as the fuel. The maximum voltage outputs

ere 623, 538, and 349 mV for the fuels with ratios of glucose-

o-pyridine of 1:1, 1:2, and 1:5, respectively. Operation periods of
he MFC were 49.5, 25.7, and 25.1 h for the mixtures with ratios of
lucose-to-pyridine of 1:1, 1:2, and 1:5, respectively. The maximum
ower densities (PV) obtained were 48.5, 36.2, and 15.2 W/m3 (the
external resistance = 1000 �) at the concentrations of supplement
glucose of 500, 250, and 100 mg/L, respectively.

Results from the B-MFC showed that the maximum voltages
increased to 652, 605, and 453 mV for the fuels with pyridine con-
centration of 500 mg/L, mixing with glucose concentrations of 500,
250, and 100 mg/L, respectively (Fig. 1B). The maximum power den-
sities (PV) obtained were 21.3, 18.3, and 10.3 W/m3 (the external
resistance = 1000 �) with ratios of pyridine to glucose of 1:1, 2:1,
and 5:1, respectively. As shown in Fig. 1C, the maximum voltages
from the B-MFC were 663, 652, 645 and 127 mV for fuels of 500 mg/L
glucose combining with 0, 500, 750 and 1000 mg/L pyridine, respec-
tively. The corresponding maximum power densities were 22.0,
21.3, 20.8, and 0.8 W/m3, respectively.

3.2. Power generation from pyridine as the fuel

After 90 d of acclimation using the pyridine–glucose mixed
substrates in the G-MFC, stable and reproducible voltages were suc-
cessfully obtained using 500 mg/L pyridine as the pure substrate
(Fig. 2). The maximal voltage obtained was 116 mV and the power
density was estimated from the stabilized voltage with the 1000 �
external resistance. The maximal volumetric power density was

1.7 W/m3 at a current density of 14.5 mA/m3, and the corresponding
maximal area power density was 7.5 mW/m2 at a current density
of 64.0 mA/m2 during 290 h of power generation.

A biofilm of rod-shaped bacteria attached to the anode surface
when 500 mg/L pyridine was used as the fuel in the MFC (Fig. 3A).
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Fig. 1. Voltages generated using (A) an initial pyridine concentration of 500 mg/L
with different glucose concentrations (500, 250, and 100 mg/L) in the G-MFC, (B)
a
(
5
B

H
t
m

i

n initial pyridine concentration of 500 mg/L with different glucose concentrations
500, 250, and 100 mg/L) in the B-MFC, and (C) an initial glucose concentration of
00 mg/L with different pyridine concentrations (0, 500, 750 and 1000 mg/L) in the
-MFC.
owever, a thicker biofilm of rod-shaped bacteria was observed on
he anode surface with 500 mg/L glucose as the fuel (Fig. 3B), which

ight be responsible for the higher power generation.
The initial NH3 concentration was zero in the MFC. The highest

ntermediate NH3-N concentration reached 11.8 mg/L at 12 h when

Fig. 3. SEM images of (A) bacteria on the anode surface using 500 mg/L py
Fig. 2. Voltage output using pyridine of 500 mg/L as the fuel in the G-MFC. The
arrows show the substrate refreshment.

pyridine became undetectable (Fig. 4). About 13% of the nitrogen
from pyridine converted into NH3 that was directly detected, while
a large portion of NH3-N converted from pyridine was used in the
biomass synthesis.

Concentrations and biodegradation rates of COD and pyridine
in one typical electrical cycle are shown in Table 1 for different
pyridine and glucose mixtures. The raw COD values were 1372, 1169,
1139, and 1136 mg/L for the substrates with ratios of glucose-to-
pyridine of 1:1, 1:2, 1:5, 0:5, respectively. The COD biodegradation
rates were in the range of 81.4–86.7% and pyridine biodegradation
rates exceeded 95% at the end of each electrical cycle. Electrical
charges obtained were 90.3, 49.6, and 36.5 C/g COD degradation,
respectively, from using mixtures with ratios of glucose-to-pyridine
of 1:1, 1:2, and 1:5, while electrical charges were only 7.1 C from
using pyridine.

3.3. Cyclic voltammetry of the bacterial culture

Solution samples were obtained from the anode chamber at the
end of electrical cycle when using 500 mg/L pyridine as fuel at the
initial state of acclimation and the stage of successful power gen-
eration after the bacteria completely degraded the substrate. The
solutions included the anode cell suspension with the medium.
Analyses of voltammetry (CV) were conducted using the solution

samples [21]. The CV at each stage was obtained by repeatedly scan-
ning the sample for six times. The CVs obtained at the different
stages showed different shapes of oxidation and reduction peaks
(Fig. 5). From the solution collected at the stage of successfully
power generation, oxidation and reduction peaks were observed

ridine and (B) bacteria on the anode surface using 500 mg/L glucose.
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ig. 4. Concentrations of pyridine and NH3-N for the experiment using 500 mg/L
yridine as the fuel of the G-MFC.

ith an apparent oxidation potential of 0.307 V (1.380 �A) and
redox potential of 0.690 V (−2.60 �A), respectively. The peaks

ndicated the presence of a mediator that was cell-membrane asso-
iated [21]. No obvious peak was detected from the oxidation and
eduction curves at the initial stage of acclimation.

.4. Degradation kinetics of pyridine

With the pyridine concentration of 500 mg/L and differ-
nt glucose concentrations from 100 to 500 mg/L, the pyridine
iodegradation in the G-MFC was well described with the following
rst-order kinetic model:

n C = 6.215 − kt (4)

here C is the concentration of pyridine, k is the biodegradation rate
1/h), and t is time (h). Since the initial concentration of pyridine
as 500 mg/L, the first constant at the right hand side was fixed

s 6.215 (ln(500) = 6.215) during the fitting process. Coefficients of
etermination (r2) of the fitting results were from 0.932 to 0.995.

he pyridine biodegradation rates were 0.127, 0.162, and 0.204 l/h
or the pyridine–glucose mixtures with the glucose concentrations
f 100, 250, and 500 mg/L, respectively.

ig. 5. Comparison of cyclic voltammograms fueled with 500 mg/L pyridine at two
tages: the initial stage of acclimation and the stage of successful power generation.
he solid curve represents the CV of the anode solution obtained from the G-MFC
uring successful power generation and the dashed curve represents the CV of anode
olution obtained at the initial stage of acclimation. Arrows indicate peaks.
Fig. 6. Comparison of voltage output for the G-MFC using a pyridine–glucose mix-
ture, pure glucose, and pure pyridine as the fuel.

4. Discussion

4.1. Power generation

Repeatable electricity cycles were obtained from pyridine in this
study. The results showed that the G-MFC could utilize pyridine as
the fuel after a long term of acclimation was conducted in the sys-
tem with suitable conditions. As shown in Fig. 6, the bacteria in the
anode chamber could be cultivated to be electrochemically active
under the conditions employed. However, it was also observed that
pyridine restrained the microbial activities to generate electricity,
by comparing the maximal voltage output 663 mV using glucose
(Fig. 1C) as the fuel with 116 mV using pyridine (Fig. 2). As shown
in Fig. 1C, the maximum voltage was sharply decreased when pyri-
dine concentrations were larger than 750 mg/L. It seemed that the
pyridine concentration above a particular level produced an inhibi-
tion. Results from this study indicated that pyridine concentration
exceeding 1000 mg/L produced an inhibition on electrochemical
active bacteria in the anode chamber and consequently reduced
the maximum voltage output. Nevertheless, the coulombic num-
ber from using the pyridine–glucose mixture as the fuel was 3.7 C

higher than the sum of coulombic numbers using from individ-
ual pyridine and glucose as the fuel. The voltage outputs from the
different fuels are shown in Fig. 6. The result suggested that the
MFC using the mixtures might show different characteristics of
power generation by using the mixture compared to using the pure

Fig. 7. Biodegradation of pyridine with an initial pyridine concentration of 500 mg/L
in three systems: in the G-MFC, the anaerobic biodegradation system, and the aerobic
biodegradation system.
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rganics. Similar to the phenol results of Luo et al. [12], co-
ubstrates with glucose enhanced the pyridine degradation and
lectricity generation simultaneously. The result is very useful in
ractice because besides pyridine, easily biodegraded organics,
uch as glucose, acetate and others can be found in the wastew-
ter, therefore, the MFC may be used to generate the electricity and
egrade pyridine simultaneously. Our experimental results showed
he possibility of the MFC application on the industrial wastewater
reatment containing pyridine.

.2. Substrate utilization and coulombic recovery

The degradation kinetics of pyridine indicated when using the
yridine–glucose mixtures as the fuel, the degradation rates of pyri-
ine were enhanced with the increasing of glucose concentrations.
he results were attributable to the microbial populations increas-

ng with the glucose metabolism. It was interesting that after 90 d
f acclimation, the biodegradation rates of pyridine in the G-MFC
sing pyridine only as the fuel were higher than those using the
lucose–pyridine mixtures. For example, in one typically repeat-
ble cycle shown in Table 1, within 6 h, the biodegradation rates
f pyridine in the G-MFC were 69.4, 54.7, 50.1, and 79.3% for using
he mixtures with ratios of glucose-to-pyridine of 1:1, 1:2, 1:5, and
yridine, respectively. Within 12 h, the biodegradation rates of pyri-
ine in the G-MFC were 81.7, 74.6, 73.9, and 100.0% for using the
ixtures with ratios of glucose-to-pyridine of 1:1, 1:2, 1:5, and pyri-

ine, respectively. When using 500 mg/L pyridine as fuel at days of
6–20, no power was generated and the biodegradation rates were
he lowest (Table 1). However, after a longer period of acclimation
f 90 d, the microbial communities might have been changed and
ere prone to degrade pyridine quickly.

In our experiments, the COD biodegradation rates exceeded 81%
n all the treatments (Table 1). However, the CE values were smaller
han 5%, which suggested that various by-product reactions might
appen in the MFC. Most of the COD removed was used to support
he microbial growth and production of methane or hydrogen. The

ass balance in the MFC includes the masses of electron, carbon,
nd proton. It was reported that in an MFC experiment using acetate
s the substrate, the carbon balance had high errors (9–20%) [22]. If
lucose is used in the MFC, it is more challenging to set up the mass
alance because of the production of methane or hydrogen, which

s difficult to be measured accurately. In addition, the mass bal-
nce changes with the operation conditions. The quick degradation
f pyridine suggests that the recalcitrant organic can be degraded
fficiently through the MFC, though the organic may not make a
reat contribution to the electricity generation.

Battersby and Wilson [23] indicated that susceptibility to
iodegradation of pyridine increased after 10 weeks of acclima-
ion. As shown in Fig. 7, pyridine degradation rates in the MFC
ith an acclimation period of 90 d were faster than those in the

naerobic and aerobic biodegradation methods without acclima-
ion periods. Pyridine was degraded completely within 12 h in the

FC, whereas pyridine biodegradation rates were only 8.2 and
2.2% at 3 d under the aerobic and anaerobic biodegradation condi-
ions, respectively (Fig. 7). The microbial communities in the MFC

ight be prone to degrade pyridine after a long period of accli-
ation using the pyridine–glucose mixtures as the fuel. Similarly
athur et al. [24] isolated a bacteria strain S. putrefaciens from

iofilters, which degraded 500 mg/L of pyridine completely within
40 h.

The CEs of the G-MFC were about 1% using the pyridine–glucose

ixtures or pyridine as the fuel, indicating that most of electrons

xhausted in the MFC and did not contribute to the power genera-
ion [25]. Furthermore, the degradability of substrates had a great
nfluence on power generation, which agreed with other studies
12,25]. Compared to the G-MFC, the B-MFC showed that CEs were
Materials 172 (2009) 465–471

enhanced by 89, 186, and 586% for the mixtures with ratios of
glucose-to-pyridine of 1:1, 1:2, and 1:5, respectively, and the cor-
responding electron charges increased by 90.2, 192.0, and 577.2%
(calculated based on the cell voltages higher than 100 mV). The
enhancement of CEs and electron charges attributed to the high
specific surface area of the brush and the lower internal resistance
[26].

The intermediate NH3-N was consumed totally within 36 h in
the G-MFC. This result disagreed with Bai et al. [27], who reported
that NH3-N was not utilized by bacteria for a limiting factor of
C:N = 4.3:1. Compared with the pure bacteria used by Bai et al. [27],
the interaction of mixed bacteria used in our study might result
in the difference [28]. Furthermore, the anaerobic environment
in the MFC enhanced NH3-N consuming. Similarly, Mudliar et al.
[29] report that 22% nitrogen from pyridine may have been used
in biomass synthesis during pyridine biodegradation in a rotating
rope bioreactor.

4.3. Metabolic pathway of pyridine degradation

Biodegradation of heterocyclic compounds under an anaerobic
environment is largely dependent upon the presence of electron
acceptors if organic carbon is readily available [30]. The metabolic
pathway of pyridine under anaerobic conditions is initiated either
by ring reduction or ring hydroxylation [2,31]. In our study, NH3
was detected in the anode solution, indicating that electricity was
generated from the pyridine biodegradation to NH3. The transfor-
mation of the carbon and nitrogen of pyridine were detected within
48 h. The value of pH was slightly decreased from the initial stage
of 7.0–6.7 at 12 h, suggesting that some acid intermediates were
produced. No heterocyclic intermediates of pyridine were detected
by GC–MS and only one peak for pyridine was detected by the
HPLC analysis during the biodegradation. Therefore, it seemed not
possible for pyridine to be degraded in the pathway proposed by
Zefirov et al. [32]. Pyridine may be degraded in the metabolic path-
ways proposed by Rhee et al. [33], in which pyridine ring was
cleaved between the C2 and N, and deaminated to glutaric dialde-
hyde subsequently, followed by successive oxidation to glutarate
semialdehyde.

5. Conclusions

Electricity was successfully generated using pyridine as the fuel
in the G-MFC after acclimation for 90 d. Pyridine with concen-
trations up to 500 mg/L was biodegraded efficiently and was not
detectable within 12 h. After the acclimation, the bacteria in the
anode chamber of the MFC degraded pyridine efficiently with pyri-
dine as fuel. The biodegradation rates were even faster than those
with the supplementary of glucose in the earlier operation peri-
ods. The results suggested that the metabolism of pyridine in the
MFC was cleaved between the C2 and N and deaminated to glu-
taric dialdehyde subsequently, followed by successive oxidation to
glutarate semialdehyde. This study shows the potential of biodegra-
dation of recalcitrant compounds and their possible electricity
generation using the MFC.
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