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Sediment microbial fuel cell (SMFC) could reduce the total organic carbon (TOC)
and dissolved organic carbon (DOC) of sediment, change the proportion of biopolymer
(BP), fulvic acid (FA) and humic acid (HA), as well as generate electricity. After start-up
of 15 days, the maximum voltage and power density of 0.679 V and 4.03 W m~ were
achieved. Fe(III) addition affected electricity generation slightly. The combined applica-
tion of Fe(IIl) addition and SMFC employment led to the highest removal rate (50.2 %
of TOC and 74.6 % of DOC). Fe(II) addition could promote the removal of complex and
high molecular-weight organic matter such as HA. The combined application of SMFC
and Fe(Ill) addition offered a more efficient method to solve sediment pollution prob-

lems.
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Introduction

Sediments play an important role in determin-
ing the quality of lakes, rivers and oceans as they
can act as either a source or sink for pollutants.
Once the input pollution is controlled, sediments as
a secondary source of pollution can release the ac-
cumulated pollutants to overlying water.! The or-
ganic matter content of sediments can also affect
the structure of macroinvertebrate assemblages.> To
date, traditional sediments remediation methods in-
clude monitored natural recovery, in-situ treatment,
and ex-situ treatment.> The traditional methods are
either expensive or not environmentally friendly, so
it is crucial to find a cost-effective and environmen-
tally friendly way to solve the contaminated sedi-
ments problem.

Microbial fuel cell (MFC) technology is con-
sidered an environmentally friendly and promising
approach for converting wastewater or solid waste
into electricity.*® Recently, some studies have
shown that sediment microbial fuel cell (SMFC)
can alter the properties and enhance the removal of
organic matter in sediment.”® Wang® developed a
three-dimensional floating biocathode to dispose
river sediments, and concluded that the sediment or-
ganic matter content near the anode was removed
by 29 %. Hong’ found that sediment organic matter
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around the electrodes became more humified, aro-
matic, and polydispersed, and had a higher average
molecular weight, along with its partial degradation
and electricity generation compared to that of the
original sediment. Sajana'® studied the performance
of SMFC by adding cellulose in freshwater and
demonstrated effective cellulose degradation from
aquaculture pond sediment and maintained the oxi-
dized sediment top layer favourable for aquaculture.
Zhou!! improved the SMFC performance by amend-
ment of colloidal iron oxyhydroxide into sediments
and concluded that high Fe(II) concentration in pore
water of sediments led to high power production.
Song'? found that the addition of biomass in appro-
priate proportions can enhance output power in
SMEC.

However, mass transfer limitations for electron
donors to reach the anode and a low rate of oxygen
reduction in cathodes were major limitations for
power production.' In freshwater environments, the
maximum power densities in SMFC with felt graph-
ite'* and carbon paper'® as cathode were 4 mW m™
and 2 mW m? respectively. Song'® constructed
SMFC with granule activated carbon cathode and
stainless steel anode and obtained 3.5 mW m™ max-
imum power density, and further increased to
11.2 mW m by adding cellulose. Jiang'® built MFC
with graphite fiber brush and enhanced TCOD re-
moval rate from 11.3 % to 19.2 % for raw sludge.
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The reason why graphite fiber brush was considered
as cathode is that graphite fiber brush can increase
the oxygen transfer rate to cathode surface and form
a biofilm (biocathode), which accelerates the oxy-
gen reduction reaction.’ Besides, the low conductiv-
ity of freshwater SMFC had a negative effect on
power output.'”'® Microorganisms can also anaero-
bically degrade organic matter in polluted aquatic
sediments with alternative electron acceptors.'®??
The electrodes in SMFC and amorphous ferric hy-
droxide were considered as electron acceptors, re-
spectively.

In this study, a new SMFC configuration was
built with self-made graphite fiber brush anode and
cathode in order to increase the contact area of an-
ode and sediment, and reduce the mass transfer lim-
itations. The power output, the changes in proper-
ties, and the removal of organic matter in sediment
were compared, and it was tested if the optimal re-
sults could be obtained by the combined application
of amorphous ferric hydroxide addition and SMFC
employment. The work demonstrated that SMFC
can enhance removal of organic matter in sedi-
ments, and amorphous ferric hydroxide as alterna-
tive electron acceptor can improve the operation
results, which offers a more efficient method to
solve sediment pollution problems.

Materials and methods
Sediment and freshwater sampling

The sediment and freshwater sampling were
taken from the downstream of Ashi River
(45°49"29"N, 126°42'59"E), a tributary entering
Songhua River, located in the Heilongjiang Prov-
ince, China. The large gravels were removed from
the sediment samples. These sediment samples were
sieved through a 0.5 cm sieve to remove coarse de-
bris, and mechanically homogenized. All sediment
and freshwater samples were stored in a refrigerator
at 4 °C prior to use. The sediment total organic car-
bon (TOC) and dissolved organic carbon (DOC)
were measured as 67.9 and 4.58 g kg! dry sedi-
ment. The chemical oxygen demand (COD) and
ammonia nitrogen (NH,-N) of freshwater were
measured as 43.9 mg L' and 0.4 mg L, respec-
tively.

SMFCs construction and operation

Four bioreactors served this experiment. BR1
was applied to imitate the natural degradation with-
out addition of electron acceptor. In BR2, amor-
phous ferric hydroxide with 9 g wet weight was
mixed and homogenized with sediments.”> BR3 and
BR4 were operated with an electrode serving as the

electron acceptor through operation of SMFC.
Amorphous ferric hydroxide with the same amount
as that added to sediment in BR2 was added to the
sediment in BR4.

The SMFC was of columnar shape and made of
plexiglas, with an inner diameter of 20 cm and
height of 30 cm. The materials of anode and cath-
ode electrodes were a graphite fiber brush and tita-
nium wires. The bottom of each container was filled
with wet sediment, and the anode was buried in the
sediment in order to ensure a sufficient contact area
of anode and sediment. The total height of the sedi-
ment containing the anode was 10 cm, and the ef-
fective volume of anode was 3140 mL. The top of
each bioreactor was filled with freshwater, and the
cathode was submerged just below the water sur-
face and anchored by an iron wire to the container
edge. The total height of water containing the cath-
ode was 15 cm, and the effective volume of the
cathode was 4710 mL. The size of the bioreactor
without operation of SMFC was the same as that
with SMFC. The compositions of the mineral salts
medium in the overlying water was (g L)
KHPO, - 3H,0, 0.0001; KH,PO,, 0.0002; NH,CI,
0.0115; MgClL,- 6H,0, 0.1; CaCl,- 2H,0, 0.1; and
FeCl, - 4H,0, 0.02.*

Fractionation of organic matter from sediment

The chemical fractionation of sediments based
on differences in solubility in alkaline and acid
solutions was performed according to the procedure
recommended by the International Humic Substanc-
es Society.’” The sediment organic matters fraction-
ated from the sediment samples were classified into
three factions: fulvic acid (FA), humic acid (HA)
and biopolymer (BP). The organic carbon content
of each fraction was quantified as total organic car-
bon (TOC) concentration. Dissolved organic carbon
(DOC) from sediment was measured as follows: dry
sediment and distilled water were mixed according
to the mass ratio of 1:5; then shocked for 1 h and
centrifuged for 10 minutes, the TOC value of the
liquid supernatant was the DOC value of the sedi-
ment.’

Analytical methods

The anode and cathode were connected to an
external resistor (1000 Q), and the SMFC voltages
were recorded using a data acquisition system (12-
bit A/D-conversion chips, US) connected to a com-
puter. The external resistor ranged 10 to 9999 Q
to determine the maximum power density as a
function of changing electric current. The anode
potential was measured by a reference electrode
(Ag/AgCl, +195 mV vs. standard hydrogen elec-
trode (SHE)). Voltage was converted to power den-
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sity P (W m™) via the equation P = U - I/V,, where
U is voltage (V), [ is current (A), and V, is the ef-
fective volume of anode.

The organic carbon content in the sediments
were quantified as total organic carbon (TOC) and
dissolved organic carbon (DOC) concentration,
which were measured using a TOC-5000 Total Or-
ganic Carbon Analyzer (Shimadzu Co., Tokyo, Ja-
pan). The COD and NH-N analysis was via Stan-
dard Methods.

Results and discussion
Voltage and power density generation by SMFC

One period (60 d) operational results of SMFC
with two different conditions (with or without add-
ing amorphous ferric hydroxide) are shown in
Fig. 1. The curves of power density and current
measured on the tenth day are shown in Fig. 2.

In the initial 15 days, the voltage increased and
reached the maximum values of 0.664 and 0.679 V,
corresponding to adding and not adding amorphous
ferric hydroxide. Sajana!® operated the SMFC with
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Fig. 2 — Power density changed with current in SMFCs un-
der adding and not adding amorphous ferric hy-
droxide into the sediment conditions

the presence of cellulose and obtained the maxi-
mum voltage of 0.976 V. Higher voltage produced
by SMFC was related to the biodegradable organic
matter concentration in sediment. After 15 days, the
voltage began to decrease gradually until the end.
As known, both amorphous ferric hydroxide and
the anode of SMFC can serve as electron acceptors,
but the voltage values of the two bioreactors did not
show much difference. Therefore, anode of SMFC
is easier to be used by microorganisms than amor-
phous ferric hydroxide serving as electron acceptor.

Anode and cathode potentials of SMFCs were
monitored during this experiment. After the initial
instable 15 days, the anode potential of SMFC
began to increase from —392 to —171 mV, and the
cathode potential changed slightly. Adding amor-
phous ferric hydroxide into the sediment did not
affect the trend. The initial increasing voltage was
caused by the decreased anode potential, which re-
sulted from the exoelectrogens enrichment on the
anode. The decreasing voltage after 15 days was
due to the gradually reduced organic matter in sedi-
ment.

The current was zero under open-circuit condi-
tions, so the power density was also zero. Power
density increased gradually with the increased cur-
rent when the current changed from 0 to 3.5 mA
(Fig. 2). After that, the power density decreased
with the increased current, which was caused by the
polarization of SMFC. A similar power density gen-
eration trend was reported by Sajana.!® The maxi-
mum values of power density were 3.82 and 4.03 W
m~ under conditions of addition and non-addition
of amorphous ferric hydroxide into the sediment,
respectively. Adding alternative electron acceptors
into the sediment of SMFC slightly affected the
electricity generation, which was similar to Zhou’s
study."! Zhou" found that only amending amor-
phous bulk ferric oxyhydroxide into sediment did
not affect SMFC operation. However, amendment
of the mixed solution including soluble ferric citrate
and colloidal iron oxyhydroxide can improve SMFC
operation, which was unrelated to organic matter re-
moval.

Organic matter degradation by SMFC

The sediments from BR1~BR4 were collect-
ed at 0, 15, 30, 45, and 60 days. The surface
sediment samples (1 cm down from the interface)
were discarded, and the others from different depths
were mechanically homogenized for analysis. The
TOC and DOC removal rates of sediment by
SMFC under various conditions are illustrated in
Fig. 3.

The TOC and DOC degradation in four biore-
actors showed similar curves. Both SMFC and
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Fig. 3 — TOC (a) and DOC (b) removal rate by SMFC under
different conditions during 60 days

Fe(Ill) addition could promote the organic matter
degradation, since microorganisms used the anode
of SMFC and Fe(Ill) as electron acceptors to de-
grade organic matter. The removal rate was consid-
ered as two ranges of fast and slow degradation.
The main reduction of TOC and DOC concentra-
tions occurred mainly within the initial 15 days of
the experiment. The combined application of Fe(III)
addition and SMFC employment led to the highest
removal rate (50.2 % of TOC and 74.6 % of DOC
after 60 days). The employment of SMFC could ob-
tain higher removal efficiencies than only Fe(IlI)
addition, which indicated that the deployment of
electrode as electron acceptor in SMFC was better
than Fe(Ill) amendment. These results were the
same as those of Yan’s study applying SMFC and
Fe(IIT) to degrade PAHs in sediment.?

DOC contains carbohydrate, simple amino
acid, micromolecular protein, and some humic acid
and fulvic acid. By comparing Fig. 3 (a) and (b), the
DOC in the sediment is much more degraded than
the TOC, as DOC is easier to be used by microor-
ganisms. The microorganisms first used DOC in the
sediment, then began to decompose the insoluble
organic matter into dissolved low molecular weight
organic matter. After 60 days, the DOC still existed
in the sediment, which was due to the mass transfer
limitation of anode and the decomposition of insol-
uble organic matter.

Changes in properties of sediment
organic matter

The sediments from BR3 and BR4 were col-
lected at 0, 15, 30, 45, and 60 days; and the sedi-
ment from BR1 and BR2 (open-circuit) were col-
lected only at 60 days as control. The surface
sediment samples (1 cm down from the interface)
were discarded, and the others from different depths
were mechanically homogenized for fractionation.
Changes in organic carbon content of each fraction-
ated sediment under SMFC employment and SMFC
with Fe(III) amendment conditions are illustrated in
Fig. 4.
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Fig. 4 — Changes in TOC of each fractionated sediment un-
der SMFC employment condition (a) and SMFC em-
ployment and Fe(Ill) amendment condition (b)

All fractionated sediments decreased under the
two conditions during the experiment. In the first 15
days, the decrease was more notable, which was
consistent with the electricity generation and TOC
variation trend. Approximately 82 %, 58 % and
53 % of BP, FA and HA was removed after 60 days
in SMFC (Fig. 4(a)). The highest BP removal rate
suggested that low molecular-weight matter of sed-
iment can be more susceptible to microbial utiliza-
tion than complex matter such as HA, which was
consistent with the study of Hong,” while higher
removal efficiency was obtained in this study. On
the other hand, approximately 73 %, 55 % and 46 %
of BP, FA and HA was removed after 60 days under
open-circuit conditions. It is clear that SMFC em-
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ployment can improve the removal of BP, FA and
HA and organic matter was utilized by microorgan-
isms for electricity generation.

As shown in Fig. 4(b), approximately 85 %,
63 % and 65 % of BP, FA and HA was removed
after 60 days in SMFC with Fe(Ill) amendment,
which was higher than only employment of SMFC,
especially for the removal of HA. Therefore, micro-
organisms are prone to use Fe(Ill) as electron ac-
ceptor to degrade highly complex, larger, and high
molecular-weight organic matter of sediment.

Conclusions

The conclusions are as follows:

(1) SMFC employment generated maximum
0.679 V voltage and 4.03 W m~ power density, and
Fe(Ill) addition in sediment affected the electricity
generation of SMFC slightly.

(2) The combined application of Fe(Ill) addi-
tion and SMFC employment led to the highest re-
moval rate after one period operation: 50.2 % of
TOC and 74.6 % of DOC.

(3) SMFC employment can improve the re-
moval of BP, FA and HA, and low molecular-weight
matter of sediment such as BP is more susceptible
to microbial utilization than complex matter such as
HA, and Fe(Ill) as electron acceptor can promote
HA degradation obviously.

ACKNOWLEDGMENTS

The authors gratefully acknowledge funding
from Projects 51378144 supported by National Na-
ture Science Foundation of China, and this study
was also supported by State Key Lab of Urban Wa-
ter Resource and Environment (HIT) (No. 2013DX04
and No. ES201205).

References

1. Zhang, K., Zhong, B. C., Wang, D. Z., Contaminant release
from bottom sediment under different hydrodynamic condi-
tions, AIP Conf. Proc. 1376 (2011) 362.
http://dx.doi.org/10.1063/1.3651918

2. Jyvdsjdrvi, J., Boros, G., Jones, R. I., Hamdldinen, H., The
importance of sedimenting organic matter, relative to oxy-
gen and temperature, in structuring lake profundal macroin-
vertebrate assemblages, Hydrobiologia 709 (2013) 55.
http://dx.doi.org/10.1007/s10750-012-1434-0

3. Ludmer, Z., Golan, T., Ermolenko, E., Brauner, N., Ull-
mann, A., Simultaneous removal of heavy metals and or-
ganic pollutants from contaminated sediments and sludges
by a novel technology, sediments remediation phase transi-
tion extraction, Environ. Eng. Sci. 26 (2009) 419.
http://dx.doi.org/10.1089/ees.2007.0198

4. Logan, B. E., Simultaneous wastewater treatment and bio-
logical electricity generation, Water Sci. Technol. 52 (2005)
31.

5. Min, B., Kim, J. R., Oh, S. E., Regan, M. J., Logan, B. E.,
Electricity generation from swine wastewater using micro-
bial fuel cells, Water Res. 39 (2005) 4961.
http://dx.doi.org/10.1016/j.watres.2005.09.039

6. Aelterman, P, Rabaey, K., Clauwaert, P, Verstraete, W.,
Microbial fuel cells for wastewater treatment, Water Sci.
Technol. 54 (2006) 9.
http://dx.doi.org/10.2166/wst.2006.702

7. Hong, S. W., Kim, H. S., Chung, T. H., Alteration of sedi-
ment organic matter in sediment microbial fuel cells, Envi-
ron. Pollut. 158 (2010) 185.
http://dx.doi.org/10.1016/j.envpol.2009.07.022

8. Song, T S., Yan, Z. S., Zhao, Z. W., Jiang, H. L., Removal
of organic matter in freshwater sediment by microbial fuel
cells at various external resistances, J. Chem. Technol. Biot.
85 (2010) 1489.

9. Wang, A., Cheng, H., Ren, N., Cui, D., Lin, N., Wu, W,
Sediment microbial fuel cell with floating biocathode for
organic removal and energy recovery, Front. Environ. Sci.
Eng. 6 (2012) 569.
http://dx.doi.org/10.1007/s11783-011-0335-1

10. Sajana, T. K., Ghangrekar, M. M., Mitra, A., Effect of pres-
ence of cellulose in the freshwater sediment on the perfor-
mance of sediment microbial fuel cell, Bioresource Tech-
nol. 155 (2014): 84.
http://dx.doi.org/10.1016/j.biortech.2013.12.094

11. Zhou, Y. L., Yang, Y., Chen, M., Zhao, Z. W,, Jiang H. L., To
improve the performance of sediment microbial fuel cell
through amending colloidal iron oxyhydroxide into fresh-
water sediments, Bioresource Technol. 159 (2014): 232.
http://dx.doi.org/10.1016/j.biortech.2014.02.082

12. Song, T. S., Wang, D. B., Han, S., Wu, X. Y., Zhou, C. C.,
Influence of biomass addition on electricity harvesting
from solid phase microbial fuel cells, INT. J. Hydrogen En-
erg. 39 (2014):1056.
http://dx.doi.org/10.1016/j.ijjhydene.2013.10.125

13. Song, T S., Yan, Z. S., Zhao, Z. W., Jiang, H. L., Construc-
tion and operation of freshwater sediment microbial fuel
cell for electricity generation, Bioproc. Biosyst. Eng. 34
(2011) 621.
http://dx.doi.org/10.1007/s00449-010-0511-x

14. Hong, S. W., Chang, I. S., Choi, Y. S., Kim, B. H., Chung, T.
H., Responses from freshwater sediment during electricity
generation using microbial fuel cells, Bioproc. Biosyst.
Eng. 32 (2009) 389.
http://dx.doi.org/10.1007/s00449-008-0258-9

15. Martins, G., Peixoto, L., Ribeiro, D. C., Parpot, P, Brito,
A. G., Nogueira, R., Towards implementation of a benthic
microbial fuel cell in lake Furnas(Azores): Phylogenetic af-
filiation and electrochemical activity of sediment bacteria,
Bioelectrochemistry 78 (2010) 67.
http://dx.doi.org/10.1016/j.bioelechem.2009.07.003

16. Jiang, J., Zhao, Q., Wei, L., Wang, K., Lee, D. J., Degrada-
tion and characteristic changes of organic matter in sewage
sludge using microbial fuel cell with ultrasound pretreat-
ment, Bioresource Technol. 102 (2011) 272.
http://dx.doi.org/10.1016/j.biortech.2010.04.066

17. Bergel, A., Féron, D., Mollica, A., Catalysis of oxygen re-
duction in PEM fuel cell by seawater biofilm, Electrochem.
Commun. 7 (2005) 900.
http://dx.doi.org/10.1016/j.elecom.2005.06.006


http://dx.doi.org/10.1063/1.3651918
http://dx.doi.org/10.1007/s10750-012-1434-0
http://dx.doi.org/10.1089/ees.2007.0198
http://dx.doi.org/10.1016/j.watres.2005.09.039
http://dx.doi.org/10.2166/wst.2006.702
http://dx.doi.org/10.1016/j.envpol.2009.07.022
http://dx.doi.org/10.1007/s11783-011-0335-1
http://dx.doi.org/10.1016/j.biortech.2013.12.094
http://dx.doi.org/10.1016/j.biortech.2014.02.082
http://dx.doi.org/10.1016/j.ijhydene.2013.10.125
http://dx.doi.org/10.1007/s00449-010-0511-x
http://dx.doi.org/10.1007/s00449-008-0258-9
http://dx.doi.org/10.1016/j.bioelechem.2009.07.003
http://dx.doi.org/10.1016/j.biortech.2010.04.066
http://dx.doi.org/10.1016/j.elecom.2005.06.006

566

X. XU et al., Removal and Changes of Sediment Organic Matter and Electricity..., Chem. Biochem. Eng. Q., 28 (4) 561-566 (2014)

18.

19.

20.

Schamphelaire, L. D., Boeckx, P, Verstraete, W., Evaluation
of biocathodes in freshwater and brackish sediment micro-
bial fuel cells, Appl. Microbiol. Biot. 87 (2010) 1675.
http://dx.doi.org/10.1007/s00253-010-2645-9

Zhang, T., Gannon, S. M., Nevin, K. P,, Franks, A. E., Lov-
ley, D. R., Stimulating the anaerobic degradation of aromat-
ic hydrocarbons in contaminated sediments by providing an
electrode as the electron acceptor, Environ. Microbiol. 12
(2010) 1011.
http://dx.doi.org/10.1111/j.1462-2920.2009.02145.x

Mihelcic, J. R., Luthy, R. G., Degradation of polycyclic ar-
omatic hydrocarbon compounds under various redox condi-
tions in soil-water systems, Appl. Environ. Microbiol. 54
(1988) 1182.

21.

22.

23.

Li, Z., Wrenn, B. A., Effects of ferric hydroxide on the an-
aerobic biodegradation kinetics and toxicity of vegetable
oil in freshwater sediments, Water Res. 38 (2004) 3859.
http://dx.doi.org/10.1016/j.watres.2004.07.010

Lovley, D. R., Phillips, E. J., Rapid assay for microbially
reducible ferric iron in aquatic sediments, Appl. Environ.
Microbiol. 53 (1987) 1536.

Yan, Z., Song, N., Cai, H., Tay, J. H., Jiang, H., Enhanced
degradation of phenanthrene and pyrene in freshwater sed-
iments by combined employment of sediment microbial
fuel cell and amorphous ferric hydroxide, J. Hazard. Mater.
199-200 (2012) 217.
http://dx.doi.org/10.1016/j.jhazmat.2011.10.087


http://dx.doi.org/10.1007/s00253-010-2645-9
http://dx.doi.org/10.1111/j.1462-2920.2009.02145.x
http://dx.doi.org/10.1016/j.watres.2004.07.010
http://dx.doi.org/10.1016/j.jhazmat.2011.10.087

