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Abstract: The production of methane by anaerobic

fermentation is the main treatment mode of organic waste Gas ReSiSt;‘%‘?

such as wastewater, but subsequent processes of carbon &eci(‘m LR S

dioxide separation, methane storage and transportation have

restricted its application. Microbial fuel cells can directly Carbon cloth

convert the chemical energy of organic waste into electrical \\-

energy, and converting the traditional anaerobic fermentation

methanogenesis process of organic waste into electricity Anode

production process, which is a greener and more /

environmentally friendly process and has broad application Anaerobic sludge  Proton exchange membrane

prospects. In present study, a microbial fuel cell (MFC) with & organic waste

good performance was constructed by using an anaerobic

activated sludge as inoculum. High-throughput sequencing was used to analyze the changes of bacteria and archaca
before and after MFC operation. The results showed that when the external 1000 Q resistor was used, the output voltage
reached 0.62 V, the output power reached 1247 mW/m?, and the internal resistance was 143 Q, the Coulomb efficiency
was 9.9%, the COD removal rate of the sludge in anode chamber reached 64% after MFC operation. When the sludge
was treated by MFC, only the electron was produced instead of traditional CH, and H», thereby avoiding problems such
as CO; separation, CHjy storage and transportation in the methanogenesis process. The composition of archaea was
relatively stable, while the bacterial flora changed significantly. Compared with the original anaerobic sludge, the MFC
microbial diversity index decreased, while the dominant bacteria group became more obvious. The dominant bacteria
Firmicutes and Proteobacteria were accepted as the common electric producing bacteria. Klebsiella, which is directly
related to MFC's ability to produce electricity, is enriched and became a dominant genus with a relative abundance of
16.73%. In addition, Hydrogenophaga is also abundantly enriched, which may be a novel electrogenic microorganism.
This study provided theoretical and technical support for the conversion of organic waste into electrical energy through
anaerobic treatment.
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1. P EFERSRE TREM AT AL TREREZRE S E, ba 100190
2. pEFRERE R E AR B, JEE 100049

THRE ",

OB DRSS MR AR b (MFC), & T84T 1 ARG B i B BT K R S . &5
BRY, MFC BEhE~mrERe RIF, 4ME 1000 Q R4 i ETTE 0,62V, IHREEL 1247 mWim?, WA 143 Q, 1%
i E E(COD) LR FIE 63.6%; il EIF4E B EIR, MEC HEES R GRS VETS Ve R LU AL B 2, T RE 2 RETESS
BUEAR, A EE TIEE ] (Firmicutes)F1ZE B 1] (Proteobacteria) N7= A EER W11, 5 MFC 7= 58 1 ELEAH B e B A IR 1A

J&(Klebsiella) & FIH NN W E, X FEIE 16.73%.
X RETSVE; Rk b PR mImEN
FESES: Q939.99 XEAFRIRTE: A

1 ® B

WA PR It (Microbial Fuel Cell, MFC)H] ¥ &
Z RV AG A e ELR LA O L RE . LB S A LR K AL
B S, TEMHBRA VRS RN =L RE, ik A
AR AN PR ACE Y RER 2 R A B
A HLRE, SR MRV TAE Rk P v E Ak R AN AR E MR O
R, ST E R BACE R, SR
BFE AR A R, SRS Ve A KR
PRI, TEFRR E AL M A, I
e R F v P AR A A AR I v 2 A Y L e
WS, BEIRERE B, TERAERD, ST
AR IR, AT TA0R, RAEBEA P
e 75k, wIR R BEET,  [RIN AT DR SR T R A B
FIVERT, BEaRfldMRel s T inkese i, A%
(7= BEASCR, AE rR el FE Y 1Y) TR N FH A BRI
1, SR FE M TR A TR R ] 3R A3 5 FH 4 1 A o
A BIRORO, BRI AE YR I R R R,
S BB R AR I E SUAT), Michael 25U OBF 7 1IE B
FEE 1) R o 4 AR DR P B A o FRLRE o (BRI R
SIS PR TS 8 R (TR R L 7 R AR R AT
sz 7 o R P AR R B 0T H RO R
T IRTH A LR 3 A 77 H B A 8 0 Tl o A
B e i R AR 2 4 COL HIETR 5 COL 0B A
BRI, BT AR, H 5 s s, B PR
AR W L2 E N R E = T2, ]
TARBH . RN, O RG]
FRARTT Y, RE NSO T2 REEMES
JeHF MFC LLHLBE yME— R HE K, 5 TS
RESFEFHERTFEDE . A7 1850 & As A LUF

XEHS: 1009-606X(2019)01-0209-07

A TR ey 3O R PP BORTSIAT B AT 16S rRNA F) 2
RIFP 31, ST R 2 A5 b U VIRV W b 2H AT AR X
PR EZTH . ABTTT LR AT TS A Yt &
PR FLts, BT R RS, I e I A
T R R A R R AR AL, PR R AEGE RIS e A
7 R BE R AR I R E A SR, O R SEGE PR S Ye AR
TRAEPORL Lt 1) L FH SR BRI VA AN B T4

2.1 LIHR

PREATE M5 YR B B AL HivE K ARBE .

N LS B AR S R, BEARAL R FLEREY 40
mmol/L, i % ¥ 2 g/L, NH4Cl 1 g/L, NaCl 1 g/L,
Na,HPO4-7H,0 12.8 g/L, KH,PO4 3 g/L, MgS0O, 0.24 g/L,
CaCl, 0.01 g/L, il & Jjo & ¥ W (25% HCI 10 mL,
FeCl,-4H,O 1.5 g, ZnCl, 70 mg, MnCl,-4H,O 100 mg,
H3;BOs; 6 mg, CoCl,-6H,O 190 mg, CuCl,:2H,O 2 mg,
NiCl>-6H,0 24 mg, Na,MoO4-2H,0 36 mg, #E7%/K 1L) 10
mL, #AERBEREWE 2mg, 4EE B9 2mg, %4E
# B62mg, “/KHERHINZ 10 mg, % E Smg, MK
S5mg, D-ZEH Smg, 4E4FK B120.1mg, X IEKH
M2 5 mg, FiFER 5mg, HEZZ/K 1L)10mL, IAEZE
KE1L.

IF A =5 V4L R : 50 mmol/L 2R EFALERT, 0.1 mol/L
NaCl, 50 mmol/L B§FRZE R, % pH N 7.0.

22 XWHE
2.2.1 MFC ¥y#

SN E EAARN M E MFC JMNgs, A 1. 150
mL fHZE 5 150 mL [tk E H B 3.5 cm. K 10 em
(REEERE, U Nafionl17 EZ0F%, BP0 E AR
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WOS1002 SE/KHERRAT (& 1K e BH R A FRA A]),
FEAR TR 8 em?, MIARTHIFY 16 cm?, 5 HELAR [R) 405 Ha %
BRSO I FBH - B AR 5 PR RIS VR B8 R
P 25 N BA AR 3 I . 3 BT REZH, T 2R I BA BH
W, BHFARETH, HTRNAHRRFRZEGT CH, %
SRS D

Gas Resistance
o |
collection LR

Carbon cloth

Anode Cathode

J

/

Anaerobic sludge

Proton exchange membrane

Bl 1 MFC kMasriE
Fig.1 Schematic diagram of MFC
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N LRSI S TR 08 SR W = L, IR 2R
FLEREAFNE AT 0E, Hefh (0 REGE IS e E M 2 A il
YELBRRURL A 0T, FEFh B PHAR = S AR 30%.
R R IR R, 30°CRigfT, &M@ 6 h 5L
12 h Kl MFC iz47 1500, iR FRER 027 V LR
BT 1 AN EHASS . 78 MFC FIX LIS AT IR 2
JARAH, Bt FLER IR A 20 mmol/L . 8 4 FiE ek >
N1 g/L, DI Rk & 1 ESHE1TRE D] -
2.2.3 WA RN

P AR AT R S E N T EOR, 4
U422 o ) PR 2T V5 R AT MFC 324728 1 JAHIZE 10
d (A& P~ R BE 16S rRNA ] V3~V4 [X. BURER 2
VRS, HICREE 2R 10 mL.
2.3 SRR A
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2 T S (COD) i it #8S FR B VARSI, A LA
Agilent LC-20AT 230V = 8080HH (4 3% A (HPLC, HA S
AN, B NS, WEIAEA 0.05 mol/L
H,SO4, HEiE 65°C, ik 0.6 mL/min, #EFfHE 10 ul.
ARPARRUR A (A I, s I A, S
NS, IE 25 mL/min. BEEE L REFERURG I AR
439124 100, 110 F1 120 °C

i EEH UTS8B R MR EER A TR
e, F CS350H H Ak 2 T AEuG (RICBHIRR 2%
HIRAFNRIE.

£ MFC 1817 2 5K U HABR e i 4% 20~2000
Q HBH, WATHBHR/N, e, RIEGMRAETZE, T
HIZERE: PAa=UIS, Hhh U RHBEENV), I AHIT(A),
S N PHAR B AT AR AR (m?) o AR S5 o R R Ay Mz
1 kQ HBHBMI A B g, 28 KT MFC N FH.

FEAE R (Coulombic Efficiency, CE)¥§ MFC H45 HL
JEY bR S F AR NS R e

CE=(ZL, Uity)M/(RFbVACOD)

Hor, il s R EIIRGs), U 9l L (V), M
R EE R SR (32 g/mol), R N4AMEBH(Q), F N+
H (96485 C/mol), b N H(4 mol/mol), V AR IVL#E
i 2 AR FA(L), ACOD 2y I BE T J 44 5 7 A = i D i
(mg/L).

3 HERELM

3.1 RES BT

MFC Ja3h 2 AP0 1000 Q &1 e BE) o HA AR
LI 2(a), MFC J33IIHT 96 h r= ML RERR DA 24
020 V, ZJaremrkpethdigrt, £ 24 h WHIEH
020V F+% 0.60 V, bt IRFGEEL 0.62V, 1]
WA MFC 3B H3IY), HAREIZ1T4 200 he 320 h
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K2 JREGSTE MFC % R 5 B
Fig.2 Output voltage and open circuit voltage of anaerobic sludge MFC



212 U = B

#19%

S R SUEMEE 027 V LUR, 8 1 ANEMETS
We BE 20y BHBEE, 5 MFC ML, XA I
LR TG B BB AE . 350 h B B HT IR U5 5 MFC SRS
JE 3.
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Fig.3 The power density and polarization curves of

FasE J5 240 h AR N S DR, W] W5 3B B
R Ik 1247 mW/m?2, WIHZN 143 Q, 53¢
BR(EE DAEEL, AT PRSI VTS Ve S 2R R Rl H i
REBLEF, WRHEBAS, 4 th Tha S i R 4 my, i— R
1596 MFC Hfi i &5 0.20~0.50 V.

a
2 5000 - @-@/ﬁ'ﬁ 60
g2 .
o 3
g 4000 |- 440 ¥
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K4 JREI5TE MFC R4 E41H) COD 224t
Fig.4 COD change of anaerobic sludge MFC and contrast

anaerobic sludge MFC
# 1 B MFC FEMERELLER
Table 1 Overview of various types of wastewater MFC
Electron Internal Voltage/V Power density

Structure Electron donor acceptor Inoculum Electrode resistance/Q (Resistance 1k Q) /(mW/m?) Ref.
Single chamber Lactate Oxygen Anaerobic and aerobic sludge Carbon brush 1656 0.23 11.15 W/m? [15]
Double chamber Acetate Oxygen Anaerobic sludge Carbon cloth - 0.38 179.1 [4]
Double chamber Acetate Ferricyanide Anaerobic sludge Carbon paper 800 0.33 548 [16]
Double chamber Acetate Ferricyanide Anaerobic sewage Carbon cloth 155 0.58 1292 [17]
Single chamber Glucose Oxygen Surplus sludge Graphite 368 0.22 221 [18]
Double chamber  Pickle wastewater Ferricyanide Pickle wastewater Carbon cloth 88 0.72 7.44 W/m? [19]
Three chamber Glucose Oxygen Anaerobic and aerobic sludge Carbon felt 100 0.34 (100 Q) [20]
Double chamber ~ Glucose and lactate Ferricyanide Anaerobic slurry Carbon cloth 143 0.62 1247 This work

32 BUBSHTLSR
3.2.1 COD A2k

COD B4 WA MITHFER) EE AR AR, 2
Wi MFC FHAR B Be 5 FE AT R 4G RO AR HE ). MFC
BT 1 A4 RS, COD FEKiE (& 4), H
5067 mg/L P& 1842 mg/L, [EMRZERIL 63.6%, iHIH
FEA R 9.9% o YBRUFHAG WU VT 260158 255 1 R L R Ak 31
SEAT, BRI ES PV TR F BV DL SR (0 A N B 1)
T WHRRAEM FIBIRARE IR 4R, £4) 150 h
FUEARFF=E CHy, BERF COD My 3189 mg/L, F#f#%R
N 37%. SFFHEEHE, MFC alfaE = 300 h PLE,
FRIEFER N A NS, e T IR a5 e A
B, i COD Z:prFeiim, AR T R .
322 MRS

HHE 5 w5, EM RIS IR MFC ig1T 1 JAIHE
FHAR = K& CO,, 1 L FHARR M= A/ CO, 35 375
mL, SHGERERENE CHy fl Hyo TIXTIRLL 1 L M

W™ CHa, Hy F1 CO2 433124 196, 15 #1172 mL,  f5LE 45y
T 51vol%, 4vol% Ml 45vol%. X HEZH PRI M5 e
BORE G R B, W1 BT 82 B (Methanosaeta) W i
43 Bl (Methanolinea) F1 H J5t )\ 2 ¥R 1 (Methanosarcina) »

YTl 2 BRIE RS CHy 1 COL2Y, oA Methanolinea

400 T [ IMFC
1 AR Contrast
4 300
£
o
g 200 I
2 I
> N N
100
0 X
Co, CH, H,
Gas product

K5 JRET5Y. MFC RIS R4 =<5
Fig.5 Gas production of anaerobic sludge MFC and contrast
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ATHAL Y CO, A1 Hy, FEAIA] Ho T CO, 7™ CH, 22,
£ MFC W K& BIEHERED & £, LA G E
AH IR CT I, AR TBEK = H5 74 6 H,
S C VLB ARM BAAAET CHy Y, 11 Ho F1 CHy WA T
FE ) B AN T A Y A SR A1 B B U0
3.3 MFC EfTRIFERENK

A EN P RR, MFC 1217005 H o £
FERBER R, JCERAML, HAE AR K. B
HARGE 1) 7= AR 46K 2 OB, AT BE T
(Proteobacteria) « & Bt W '] (Firmicutes) ~ & #T 1 ')
(Acidobacteria) FITZ W | 1 (Actinobacteria)?24), HUk 4
P BT VR 2 AT

F Chao I 18¥CRAEMI R 5 B2, HAE B S R B
ERIYIA S PR S, H Shannon fi8 BERAEAH B T4 1)
Z FEEFE ) MFC 1 Chao THREUE IR Eim 15 /1N,
BRI B VR P = & FE MK,  Shannon FRE 2%
/NI aT(ER 2), I MFC FR Rl =& & EL R s T
15eAR.

=2 HRESHMGITER

Table 2  Statistical results of sample diversity

Operational Chao I Shannon
Sample . . . .
taxonomic unit index index
MFC 329 381 5.20
Anaerobic sludge 370 392 6.65

FETTRIE 2 7K b, RS &R S & B 1)
PR o LEAVEP MR 3= FE B, AR & B UK
JHTH & (Others) ', T 97%AHLE XS 7 A BT
(Operational Taxonomic Units, OUT)EAT 4341, 224 Hf
FREE B 6 ATHL, EAR K b, R RS T
15 Ve AR AT F FE AT B T 1(Bacteroidetes) >t BE B | ]
(Firmicutes)>"F £ H [ 1(Proteobacteria)>4% 25 1 ']
(Chloroflexi)>#AM & [1(Thermotogae)>H 35 |']

100 +
o | (D EEObes
§ 80 - - Actinobacteria
E Synergistetes
%‘ D]]]] Thermotogae
E 60 - |:| Proteobacteria
= [ XY Chloroflexi
2 40 | V) Firmicutes
= [ 1Bacteroidetes
S L
= 20 +
0 ! i
Anaerobic sludge MFC
Sample

Ko JREI5YE MFC RS AR RISV T IACT PR X 2
Fig.6 Species abundance to OTU of MFC and anaerobic sludge
on phylum level

(Synergistetes). B8 MFC iz 17, % T8 &,
LA Bacteroidetes, Proteobacteria 1 Firmicutes N¥, =
A E FE S AE 94.10%.

M7 I, fERE KT L, MFC S 31w & b
JRAETE M Ve R, HR B ALK 3 3 Wl 0,
I MFC {54, 7Ol A I & (Klebsiella) KEA K,
= BEHE I TR P R 0.11% TR 31 16.73%, 2006 il B
J& (Hydrogenophaga) ] # Xt & B i 0.35% F+ & 2
13.78% . AH X F BE 8 5 (1) J& i Proteiniphilum
(11.47%), Petrimonas (10.72%), Lentimicrobium (7.38%),
M  BDI-7 clade, Clostridium sensu_stricto 1
Longilinea WIAHX 3= B KR T B o

100 - B Others

:Lungiﬁnea
[IT1] Terrisporobacter
E= Clostridium_sensu_stricto_1 v
(T BD1-7_clade
@ Lentimicrobium
Unidentified

[ M & Petrimonas
40 - Eey [ Proteiniphil

80

60 - TTTITI

N\ Hydrogenophaga

[ Kiebsiella

20 + HHH VadinBC27_wastewater-
sludge group

Relative abundance/%

Anaerobic sludge MFC
Sample

K7 PRETS5 TR MFC ARG IR S5 e R K TR =F 2
Fig.7 Species abundance to OTU of MFC and anaerobic sludge
on genus level

*x3 RETREMFC MRERETREKFEEETL
Table 3 Changes of abundance of the bacterial genera before
and after MFC starting up on genu level

Abundance/%
No. Affiliation Genu Anaerobic MFC
sludge
1 Proteobacteria Klebsiella 0.11 16.73
2 Proteobacteria Hydrogenophaga 0.35 13.78
3 Bacteroidetes Petrimonas 2.03 10.72
4 Bacteroidetes Proteiniphilum 3.11 11.47
5 Bacteroidetes VadinBC27 wastewater- 8.33 2.70
sludge group
6 Bacteroidetes Lentimicrobium 0.01 7.38
7 Proteobacteria BD1-7 clade 5.54 0.17
8 Firmicutes  Clostridium_sensu_stricto_1 5.56 0.18
9 Firmicutes Terrisporobacter 3.05 0.32
10 Chloroflexi Longilinea 3.61 0.28
11 Others 37.38 21.98
12 Undentified 30.93 14.28

AR P v A% 8 32 20 4 P07 2 B AR a4 |
FALIE JFNRVE N T R AAE 16 . K A 11518
R AEARH =P E 45186 - Klebsiella W )& BA RIFHI™
HBCRES), @A TR ], T idd s B SR A 1
A& 35 v (a4 A% 33 FLF27), Proteiniphilum 7] B &) B 5=
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LR COPY, AWk M B & Y Hydrogenophaga sp.
WLSH-44 {R/F| K &1 3F B A DA IR 0 T
Rel?), Hydrogenophaga W] Re5 HLT1& 40, Sun F560
PN NN I R A e s - s M e i 3N W R
Lentimicrobium strain TBC1, I EAGF|H &= L8R
M Hy MRE 7T, EARE LSRR Sh1E N i+ 21k
Hydrogenophaga FI ] Lentimicrobium FIif= Hy KEA K .
HEIRE. FUR R K2 80" i aERY,  MFC fir
PRI (1) PR AR IR 855 S M Al X FL 1 1 oA R T I =
HIAH DR B (1) L A%, NS P A o AR &R

4 % B

FE T PRENETEIG R = Bk Re, R T PR M
15 VR AE YRR FELI (MFC) [ 4L 2 75 4 . (COD) & 7=/,
0L, FEH S VE AT 1RO P R A AR
1, 1FEILLREE:

(1) R PREGE SRR DM & 7 M Re R 4rm
MFC, #iHIhRik 1247 mW/m?, WBLA 143 Q, JFEE
MHEN9.9%, COD LBERIE 64%.

(2) REAHWEFEA K CHy Ml /b i Hy 774,
¥t MFC W CHs #1 Hp 724, A KE CO, 4
B, AT

(3) MFC 1217 et A i, HIRAEEMS
FH EE 20 B 2 TR RRR K, O BB 1T A BE R T
(Firmicutes) 12 T 1 | 1(Proteobacteria) 4 WL (117 HL T
1, 5 MFC F=HLfE I HEAM K W FH A KEE
(Klebsiella) & (3 NN FH wIE, A FEH 0.11%F
£ 16.73%, SN & (Hydrogenophaga) il i /& W 115
A -
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