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ABSTRACT

This paper describes the development of a micrdbillcell (MFC) for electricity production from ldglose that is
based on mixed culture of rumen bacteria in viffbe fibrolytic bacteria isolated from rumen fluicere used in
anode compartment of MFC, which can release glucgs® 15 g/L from carboxymethyl cellulose (CMQ)tl#e
same time, the maximum power density of 100.60rWas generated when using copper sulfate as tHeodat
electron acceptor. But the output voltage and aotriguickly fell down to 0.12 V and 0 mA after 4®helectrode
corroded and toxicity. When using methanogens tsdlfrom the same rumen fluid instead of coppeiageyl the
maximum power density about 3090 m%\mas recovered. This study demonstrates that syimincroorganisms
could be used as catalysts and mediators effegtimethe cathode for a MFC. CMC concentrations wkngher
found to be the major factor on the output voltagd Coulombic efficiencies.
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INTRODUCTION

Waste corn straws can be used not only to manutaetihhanol, but also to generate electricity diyeict our resent
research using a two-chamber microbial fuel celhwiimen bacteria. MFC have been recognized tanledfactive
bioprocess for power generation and waste manageih@q3) All previous works focused on organic wastewater
treatment with microorganisms such &bewanella putrefaciensGeobacteraceae sulferreducerRhodoferax
ferrireducens, Pseudomonas aeruginoStostridium butyricumand Aeromonas hydrophila (4,5But corn solid
waste about 700 million tons per year in China, posing about 70% cellulose or hemicellulose, igleeted by
MFCs researchers for their complex molecular stmgctwhich is hardly degraded by microorganis(63.
Ruminants depend on their rumen microorganismsidest fiber-based diet, which give us some newsdea
electricity generation from cellulog&). However to our knowledge, there is no more infation except a report
about this aspect from Boo(8).

The survival strategy of cattle just on fibroustdias been testified during the last 50 yéay50) Rumen microbial
community depends on transporting electron betweiierent groups to maintain their energy balance a
microbial growth(11,12) In fact, fibrous diet is divided into oligosaccite pieces as Egs.(1) and then converted
into volatile fatty acids (VFA) for animal, ATP fomicrobe growth and carbon dioxide, electron, pmofor
methanogens by fibrolytic bacteria. Eqs.(2) and.@jgoint out a fact that methanogens play aaaiitrole for
hydrogen and electron transporting in rumen miabbdmmunity. Methane represents loss of feed grfergcattle,
but for MFC, it is a fantastic redox system rattiem metal oxidants like ferricyanide or permangananyway, if
this bioprocess could be exhibited artificially MFCs, electricity will be generated in the outsiciecuit with
producing cattle-food and cooking fuel. The methadsrumen bacterial isolation and identificatiorpoeted
previously will make our present work feasible.
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The aim of this study is to discuss the feasibitifyelectricity generation using methanogens ahcbfytic bacteria
in a two-chamber mediator-less MFC. Two processare wiscussed in this paper, one is to use fikicobdcteria in
anode compartment solely with Cu$Sas cathodic electron acceptors, and the othesigunethanogens insteafl

the inorganic mediators as electron acceptor. Térfopnances of the two processes were comparedding

power generation, Coulombic efficiency, biomagsietiof running and so on. These results will be esild in the
following sections

EXPERIMENTAL SECTION

2.1 Lab-scale MFC assembly

The two-chamber MFC used in this experiment follakes design of O.Lefebvre et al, which has two Bcrgubic
chambers of 60mm width separated with a proton axgh membrane (PEM) fixed by a sealing as showiignl
(13). Every chamber possesses two openings on theot@pwith 5mm inside diameter for substrate provisio
wire connection, another is a vent. For simulathmg conditions of rumen, the natural rennet wasehdo prepare
PEM. Zinc-copper electrode plate (1x5cm) was usedramde and cathode respectively, which were fittedhe
compartment sidewall and connected through a segistand a digital multimeter by copper wire.

T 21
Fig. 1

Fig. 1 Design of electrode compartments

(1.Sealing 2.Electrode plate 3.Feed/wire inlet At\e PEM support 6. PEM 7.Anode chamber 8.Catlubdenber)
Before starting up of the MFC, the microorganisresdanaerobic pre-cultivation to prepare seed ssipefor 6
hours. In the anode chamber, fibrolytic bacterdaited from rumen were used as electron donor roubated with
the seed suspension. The fibrous substrate usié ianode chamber focused on corn waste such ashag and
corncob, but carboxyl methyl cellulose (CMC) wasdifor theoretic testing analysis.

2.2 Microorganisms and culture media

Electricity-producing bacteria were from the sameen fluid, Jingzhang Cattle Slaughterhouse, Thar@ihina.
Isolation and culture of fibrolytic bacteria NLH,Bvas done as described by Q. |. Zéhg). CMC liquid medium
of 5 mL was used to prepare seed suspension, wioatains KHPO, 0.5 g, NaCl 6.0 g, (NE,SO, 2.0 g,
MgSQge7H,0 0.1 g K,HP(O,2.0 g CaChL 0.1 g CMC 15.0 g in 1.0 L distilled water. The seed susen of
NLH-B, was cultivated for 6 hours at 30°C on an anaeraiabator with pyrogallic acid. Before inoculatjon
CMC medium was purged with nitrogen for 10min irder to remove oxygen. After pre-cultivation, theede
suspension of NLH-Bwas inoculated with 2.0x10cells/mL into anode compartment which was filleithw
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different concentration CMC ranging from 10 g/L %6 g/L or other fibrous substrate and some saltabawe.
Anaerobic condition was prepared by purging nitrogeo electrode compartments for 20min before iteion.

Isolation and culture of methanogens NLE{Bllowed the same method of S. H&5) The methane-generation
medium was used to prepare seed suspension of N WHich contains KbP0,0.4 g, KHPO, 0.4 g, NHCI 1.0 g,
MgCl, 1.0 g, yeast extract 1.0 g, L-cysteine 0.5 g and VBpug in 1.0 L distilled water. NLH-falso needs
pre-cultivation for 12 hours at 37 °C on an anairamcubator. Anaerobic conditions were made asvabdéfter
pre-cultivation, the seed suspension of NLHalith ODg=0.1 was inoculated into cathode compartment wiiak
filled with 20 mM KH,PO,-K,HPQ, buffer and 0.2 M NKCI and purged with nitrogen from the vent before
inoculation.

The MFC worked at room temperature about 25~300fCG48 hours or more long time. Cellulose was usedlli
tests as the sole energy source for bacteria. ©utgtage, current and potential were examined fiked time
interval.

2.3 Calculations

The voltage and current across an external resista@0Q in the circuit of the MFC were monitored usingigitel
multimeter (Agilent HP 34970, US) connecting toanputer by universal serial bus interface every omeute.
Measurements of the working potential of the MFCenearried out by a digital potential differencstée SDCEIA.
Power density? (mWm ?) was calculated according R=UI/A, whereU (V) denotes the voltagé,(mA) the current,
and A (n) the area of the electrode. Coulombic efficien@swalculated a€E = Cy/Cinx100%, where gis the

t
total coulombs calculated by integrating the curneeasured every one minute over time, iCép :j l| [dit,
1=

wheret (s) is the total reaction time once voltage outpefow 0.07V.Cy, is the theoretical amount of coulombs
available and calculated &=FbCV/M, in which F denotes the Faraday’s constant (96,485 C iV relative
molecular mass of substrate (242 g Mol the number of moles of electrons produced per roblgubstrate (4
mol), C ( mg L™) the concentration of removed substrate, V (200 the electrode liquid volume.

2.4 Analyses

Biomass of NLH-B was analyzed by cell counting using CMC solid medicontaining 2% agar. The sample of
100 uL from anode compartment was diluted to fixed npldts at interval of 4 hours, and then 100diluent was
coated evenly on CMC plate and cultivated for 48reat 30C. The biomass was calculated2xs100aXin which

S (cells/mL) is cell concentratio the dilution multiplesX the number of single-colony in the plate. Biomaks
NLH-F5 was assayed at ultraviolet 600 nm by SpectropheteniruU-1901 every 2 hours. CMC was analyzed by
acid hydrolysis method using 2 M sulfuric acid. Algrimeter was used to detect glucose concentratfotine
hydrolysis reaction. The conductivity of anode wasayed every 12 hours using Conductivity Detd2f®»®-307.

RESULTSAND DISCUSSION

3.1 Electricity generation using methanogens and cogpéfate

In our previous work, the highest maximum powersitgn(100.60 mwWrit) and OCP (630 mV) were achieved in
MFC when using 0.5mol/L CuSQn cathode. But, as we all known exces$'Gs potentially toxic to the anodic
microorganisms, which can diffuse through the membr over long-term operation and reduce the overall
performance. So, we want to use microorganismastead of copper sulfate in cathode compartmenthimn
experiment, Methanogens NLH-isolated from the same rumen sample as NLL,HvBs used as electron acceptor.
Comparative experiments including biomass, longiteerformance and Coulombic efficiency were perfednat
the same conditions in the two-chamber MFC. Fogittme running test, the experiment was operatedaiich
mode by adding CMC into anode according to theltesd analysis. The corresponding curves wereinbthby
observing output voltage and current continuousiyl80 hours. As can be seen from Fig. 2, theaigiultimeter
can’'t monitor voltage and current after 60 houremwlising copper sulfate in cathode although regtémi CMC.
The highest maximum voltage and current about ¥.@8d 1.5 mA were achieved at 15 hours using meidams
instead of copper sulfate. This steady-state lag8fl hours through adding CMC twice which power sitgnis
about 3090 mWh, while the MFC using copper sulfate only produceakimum voltage 330 mV and current 0.53
mA respectively.

In this electricity generation test, the exterregistance was 20D CE was calculated as 29.9% and 45.1% using
CuSQ and methanogens. That means when using guSCacceptor the capability of cellulose degradaiio
anode becomes weaker with the internal resistamreases. All the phenomena indicate cell metaiotisanged

in anode compartment for electron acceptor chanigiegthode.
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Fig. 2 Voltage and current generation using copper sulfate (0.5 mol/L) and methanogens NL H-Fs as electron acceptor in the cathode
of atwo-chamber MFC (open symbolsindicated current and filled symbolsindicated voltage, the arrows point the time of
adding CM C into anode)

The MFC using methanogens in cathode is considerbdve less internal resistance than using Gu&lectron
acceptor, which was deduce the main reason fopdinormance improving. The results shown in Figegealed
that the maximum conductivity was 49.5 ms/cm wheingimethanogens which accounted for more thartitnes

of that as using CuSOMoreover, The MFC can maintain about 45~49 mssteonductivity for 76 hours as using
methanogens in cathode, which hints the metabodiEMLH-B, in anode was normal and the internal resistance
reduced due to the accumulation of VFA. On the reoyt the conductivity can reach 43.59 ms/cm ainftal time
when using CuSQin cathode, but with the diffusion of €uhe conductivity fall down to 31.85 ms/cm, althbug
adding fresh CMC the situation was not improved.
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Fig. 3 Comparison of conductivity in anode as using copper sulfate (open symbols) and methanogens (filled symbols) in cathode

3.2 Comparison of microorganism growing in the two-clhhamMFC

The aim of this phase is further to demonstratespiezulation about the negative effects on celbbmism caused
by CU* diffusion. The biomass about 2¥lificubated in anode was same at the beginningyhigh only increased
7 folds at the stationary phase when using CuBCcathode and declined after 8 hours althoughnadffesh
substrate. As can be seen from Fig. 4, microorgais anode show a healthy growing trend as usiehamogens
in cathode. NLH-B in anode entered the logarithmic growth phase aftubation 12 hours and reached 1.35%10
cells/mL, which kept 16 hours and maintained a értgne by replenishing CMC. Methanogens NLHkucathode

is obviously different with NLH-B, which biomass decreased at the beginning ancethgdpout 18 hours until
NLH-B, growing rapidly. The highest maximum @pwas about 0.43 when NLH,Beached stationary phase, but
which can't last a longer time and declined slodiying the latter 100 hours. The declination of NEximay be
related to the dissolved oxygen or product accutimian anode which need further investigation.
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Fig. 4 Comparison of biomasswhen using copper sulfate and methanogensin cathode

3.3 Effects of initial CMC concentration on electricigneration

When using NLH-B and NLH-F to generate electricity, CMC added in anode isctiiamon carbon source for cell
metabolism in anode and cathode. CMC concentraticem important factor for voltage output and couibic
efficiency in a two-chamber MFC. The voltage outputhe MFC was monitored at CMC concentrationgyiag
from 1 g/L to 50 g/L with an external resistance26D Q. It can be seen from Fig. 5 the maximum voltaggaitu
climbed from 413 mV to 1075 mV with the CMC conagatibn up to 25 g/L and then decreased when CMC
concentration was above 25 g/L. The overall Coulieméfficiency decreased with the increase of CMC
concentration. When initial CMC concentration irased from 1 g/L to 15 g/L the Coulombic efficierdscreased
slightly from 76% to 69%. Further increase in CMd@hcentration to 20 g/L led to the sharp reductibnoulombic
efficiency to 45%. A lower coulombic efficiency mging from 7% to 25% was obtained under a higher CMC
concentration between 50 g/L and 25 g/L.

1200 80

1000 r

800 +

600 + 1 40

Voltage (mV)

400

Coulombic efficiency (%)

200 +

0 10 20 30 40 50 60
CMC concentration (g/L)

Fig. 5 Relationship between CM C concentr ation voltage (filled symbols) and coulombic efficiency

The curve of Coulombic efficiency in Fig. 5 suggekthat electrons generation or transport have péarsible
repressed in some degree at higher CMC concentrafibe reducing sugar test indicated the concéotraif
residual glucose in anode increased from zero t461¢/L with CMC concentration up to 35 g/L, at g&me time
the Coulombic efficiency decreased sharply. Théues glucose reduced slightly when CMC concentrativas
above 35 g/L, but Coulombic efficiency still ataad level. It is plausible that the cell metabolimmepressed by the
presence of glucose in anode and this phenomenes ekdst in other bacteria which was called cartatabolic
repression(16,17,18) So, higher residual glucose in anode may be fi@oitant negative impact on electrons
generation. Of course, there is another reasorrefecmaybe were consumed by oxygen diffused frioenféed
inlets.

CONCLUSION

The current studies on electricity generation usipgnbiotic fibrobacteres and methanogens in a MEwiged a
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potentially novel possibility for renewable bio-ege production with corn waste. A better result veahieved
when using methanogens instead of copper sulfageydltage output, current and power density rapdiom 330
mV to 1.03 V, 0.53 mA to 1.5 mA and 100.06 mV¥rro 3090 mWn? respectively. However, the celluloses
bioconversion affected by the CCR occurring onlyrelatively low CMC concentration levels, where riab
digestion maintains a low reaction rate, may mak®lastacle for exoelectrogens in MFC. In any casejpared
with the current, the higher power density was reggbabout 3.9 Wifiusing permanganate as the electron acceptor
which is slightly more than the results utilizifgetsymbiotic microbial communities in MRQ9,20) That is to say
there maybe exists a new world of exploration ia tiatural microbial communities for survival in iaited
resource and space, which contribute in unknownswimy election or hydrogen transport. The mechanisti
complexities in current MFC will be the subjectfofther studies, which might also open a new doorénewable
bio-energy production.
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