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Simultaneous nitrogen and sulfur removal performance and
microbial community changes of dual-anode chamber
methane microbial fuel cells

HE Pan, ZHANG Chao, LIU Jiaxin, BAI Jinlong, LU Jing, HOU Bin"

School of Environment and Safety Engineering, North University of China, Taiyuan 030051, Shanxi, China

Abstract: [Background] Anaerobic oxidation of methane (AOM) includes denitrification-
dependent anaerobic methane oxidation and sulfate reduction-dependent anaerobic methane
oxidation. At present, the excessive discharge of nitrogen and sulfur pollutants into water causes
pollution and ecological damage. [Objective] We used the
AOM-microbial fuel cell (MFC) to study the coupling reaction mechanism of simultaneous
nitrogen and sulfur removal and the microbial diversity changes during the reaction. [Methods]
We constructed three MFCs (N-S-MFC, N-MFC, and S-MFC) with methane as the sole carbon
source to explore the simultaneous nitrogen and sulfur removal performance. The 16S rRNA
gene high-throughput sequencing was employed to analyze the microbial community structure.
[Results] The removal rates of nitrate and sulfate in N-S-MFC were 90.91% and 18.46%,
respectively. The relative abundance of microorganisms in the anode chamber increased, and
the microorganisms involved in denitrification and sulfate reduction were enriched.
Specifically, the relative abundance of common methanotrophs including Bacteroidota,
Firmicutes and Desulfobacterota at the phylum level and Methylobacterium Methylorubrum,
Methylocaldums and Methylomonas at the genus level was increased. [Conclusion] N-S-MFC
promotes nitrate reduction while having little effect on sulfate reduction. This study provides a
theoretical basis for the application of methane MFC in simultaneous nitrogen and sulfur
removal from wastewater.

Keywords: dual-anode chamber microbial fuel cell; anaerobic oxidation of methane; nitrogen and
sulfur removal; 16S rRNA gene high-throughput sequencing; microbial diversity
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Y a AN BB 42 48 4k (anaerobic oxidation of
methane, AOM)J& Jik /> KA H ey — > E 2L
WP AR, WA R
[l , AOM 3 2 2243 K A NO;y /NO, A& 1
AR B SRS A Y e R 48 48 4K (denitrification-
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A R h 3 [] B 3 1 FR Be DR S e A B Ak, 45

2 W] > i IR R T i 1R R 3 R 4 S W - 32 K
I, e A S8 AN Al i 349 vy 1 il PR 6 B3 i
MR Eh kA R T2k . Cassarini S5V T
TE A P 8 v AR 6 Sk H - Sz A R R AR
MRk, SRR I IR L B Bl o0 i S R
MY, RE PR MR ER & 4 SAMO
N, [R) ) a1 B R A M TR A DG B AR W
it 7 SAMO S AT, BRERE: I8 JF 3258
#] 0.38 mmol/(L-d).

Tl A= W KRk HA b (microbial fuel cell, MFC)
SE R A O AR, A LS
M= RE S AL HRE R B, () INE 2 — o
OB A= 15 IR K AL BEE RS AOM 5 MFC
G, AMREIS T FH e iR B R0, W] LA
I AR IR R, X 22 i BRAB IR G ML 1) —
S IE L,

Ding "k LU B, )L DAMO
A5 B DAMO B, 7E MFC Higf
45 d J5 I HE N 28 mV, SR —ERKH
fiEJy, 1M H DAMO Wi il H 26.96%F i £
65.77%. Su SE'hffe DAMO 4 B 76 & 42
AR 2 a8, 72 MFC #56 F0kLT5 U8 &
S AR | i e 1 RA R NS R R P28 N P it 1 2
1.0 g/L I} ,NO5 -N ~F-H LR B FNERAKAE 83.4%.
Mcanulty ZE12E MEC 2459 A Methanosarcina
acetivorans WL GEA GRS, SCIRZE K
B el b ol S BRER I Geobacter sulphreducens
SEMAEYIRI

Hy T Be 0 AP i B ARG o R 8, 6T
AOM-MFC [a] 25 I B A I T AT AL 400 4 B
B, MORHBEFEARRT A, [R5 IR B =[]
) L 58 2 G 3R MU AE WA SR Z AR i A
Wi, Bk, AWF5HFH AOM-MFC [F)25 & Bk
WA T 3 A CEY AR, DU S iE—

() LB, F5E MFC [] 25 150 28053 i 1) 1 g
WA ZHEEE R, LU AOM-MFC 175K
i SR AL 4 17 P B Bt AR

1A

1.1 MFCs 3 EREE

S22 B N WL MFC Al 1A 3% MFC
Ak, WE 1 FrR, WE MFC P E MR =
A ZE AR 400 mL; 3 2 MEC Wil BH
Wes, ARCEFI N 400 mL, HE] N BAM %,
BTN 600 mL o FHAR % AR = 5758
AL(10 cmx10 cm) 3P HF . EFHWRE, it
G i A% T 2, il 28 T e O B SR 0
(1.5 emx5 cmx5 cm): ¥ B K E AT EELEE
W 2 BRANER SR S FH I A I T 48k i A 3R
(R B B FEL B (5 emx 5 cm) Kl 78 LA (0 AN, 7E e
Er b ERE A AR 6 mm AR, JyfE
S NI B RN O S T = o L =l R 2
(7.5 emx7.5 c)VE A B AR o FHEK 2245 197 | FH
W B BRORH R RS, AN 1 000 Q H FEIE A 45 [
P o i A B R R R 30 s RE—IK,
It B R T U .
1.2 MFCs S REMARIER NG

S 432 B B4 DR AR TS 1 ¥ R B 1 P 2 0 I
FH V5 K A AT B2 W) R IR AT, K B Im] (4 95 7
BT HEMESPRAEB A VUG 26k
HW, ¥ 60 mL VI¥ESE IG5 e 270 mL
TEHLAT T RE SR 353 M A B P %, B =
A 100 mL UL3E J& (G 75 Y Al 450 mL oAl
FikEFREL . MFC A S M EOIR A, A
EHEO0.5 g/LVENMA DA KT M, [
BF, DUSMREAME N2k, RABRRGH
SN S B AR LT 2 T R A PIRCE R EE
IRECIRA, ET5 TR YL, M MFC FHR
0y BN A BR 3 (N-MFC) Fl B iR £k (S-MFC),
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3 2 MFC Wi BH R 2 .43 3 o Al T 6 s T
£ (N-S-MFOBE RN TR K, fild R 6 6% R £k
FU BE 43931 & 110 mg/L F1 1700 mg/L, A i
W2 B AE S (AN 20 min DIBREEA, b
Je 1) BE AR, HEL AR, 38 A i R e A, e LA Ry o
— PR IRAL R A W A, AR TR R
HHEHIAE 5 mL/min, A 10 min, JoHLA Bk
Fd FEFE . NHCl 100 mg, NaH,PO,
4 538 mg, Na,HPO, 8 800 mg, KHCO; 500 mg,
CaCl, 75.5 mg, MgSO4 7H,0 200 mg, ML
HOUEIF | mL, SPEROR TR 1 mL",
ZE1B7K 1000 mL, W77 pH, kKA pH {EHIR
FEfE 7.0 224, MFC Jagh)a, 7EYMLaE, L
10 d R—JE T, B 48 BH AR % R BA AR = TCHLAY
FrdE IR, R R IR A AR O s &
BRI A TR, SCRAE = T i 17,
1.3 EERFIFNE

THIREN . BPREN . #Z0E, Flh Tk
WA BRAF . B Ac#fl, FIRAR]; TGuide

A KUPHAR S A PR . B XUE A P RRE L it
Schematic diagram of MFCs reaction device. A: Dual anode chamber MFC. B: Dual chamber

S96 ik 1% DNA #HUAR &, KRR}
HAtEABE WA, PCR B4, dtalEs
FZRHA R AR AR, PUMNEE A D)
I ARE B3 PCR AL, Applied Biosystems
ANl TR, FERAERRA R . KA WAk
HEETE, BT A BR A
14 EESNHAZE

FME NOs™, NO, | SO Mk, Bk
PR 0.22 pm JEMEREUE, A I 7 VA AR IR E RO
5 R 2 i G ORI A 0 43 B 325 ) R
PRUEJT AT NOS e B R 2 SRt R 42 411
SR IECRETEI R, NO,y W R N-(1-285%)- &
TRAOECRE IR, SO, Mk SR PR R By
T BE TR
1.5 DNA HREFSEENF
1.5.1 MEMHESRNRE

Xof S BB B0 IR 5 R F1 3 %5 MIFC F 95 0] B 4%
TSUEHEATIURE , 43l dn 44 M-1. M-N (14517
MRERZK) . M-S (BERURIRER LK), HE1NI5 1
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FEAALHE 3 A PATHE  BUS AR L T 5 mL A9
LEHF, 8000xg .0 10 min, F2 R, IR
EVET 2mL WELET, BET-80 CHIET
A7
1.5.2 DNA BJ#ZEFA PCR # 18

A A5 E B & A YR A BR A "R AR Y
MV EAT 16S rRNA JEH S &)y . SR
TGuide S96 WEERL 135 DNA $2 sl & 2 i
DNA. PCR 417 16S rRNA K[H V3-v4 X
338F (5'-ACTCCTACGGGAGGCAGCA-3") FlI
806R (5'-GGACTACHVGGGTWTCTAAT-3")fE
RYHEGIH, PCR WA R HIR N 45525 3
HR[15].

2 ZREH®

2.1 FHEREFIWERE B9 EBRAR

=~ MFC B it 78 2 0 R BE A, 48
g HO g R R AR BR ER () 2B RE, SLIR4h
WE 2 i, hE2A /AL, 45d 25 d v,
N-S-MFC H iR 1 LB iK% 90.91%, HiK
WM 9.96 mg/L, fiIkT 10 mg/L, iKFAETEK
FAK DARRAENS SR N-MFC iR £h £k
FALHR 69.7%, K& FRMAME RS
SR AR B H A H BT, FHAR A R R e T
32 A I BHIAR 5 S - S R Z TR AR A Y 5
G, Al F B R A I HL T — AR w2 R
e, HawmsmEAA, Fi™4ET 10-13 mV
B HL R (K 2B). XFF N-S-MFC, B2 £k it B
Rom RE AR F R EEM . hFem
AL T LA 5 AR AT R R A ZE K
JIT LA IS AR v i e A T 45 ) 49 B R 6 R A 2
G i AR R . ERSPRER =, B
ot o 7 A 1 L LA 0w R SR A, X
AR T oL E0AM, LR R 1) 2Bk
R, (R TE B Rk BH AR = (W B IR) 74 i e

KHLE K 180.76 mV.,

HRAEE 2C WAL, WASERER i AU o B
SEHE I D i, kR N Dk il R AR Se i
AE R RRER , T -5 0l PR S 3 DR S g 3
T A 4 e — R 1R 3 7 S (], e LA S 1 T4 )
— B [B] 25 B A R R AU L H K S
11 mg/L, ANSXAE R A mE . A
W HRGE , SR RS R ER (RF 30-50 mg/L)
S A O 0 1 R B 5 2 g A A AT

M 2D 7] LI H, N-S-MFC #1 S-MFC
TR ER A BRI 18.46%F1 22.39%, 7E
N-S-MFC 1, fiFR %k B % ) AR A% 3 Ha 7,
{6 Rk P MR =5 4% 3 28 B AR 1) L T 2b . 23K
FR e 1) 40 i e A8 /0>, DT G A 2 6 1) 30 D A=
TR HIK, BERER AR RS R
R RBRRARZEECR, KR SRR i
HH 56 B 398 AR 0 BE S B TR 6 A IR 6 1 S
Z . WAL, AW AR 53 DR AU B2 6 348 i 1A
I AR DT R AR S R G h, fEIRK R
Iy Adg U SRITAE S-MFC b, BAMRAS 3 i
TR A T BA , 97 DB R £5 14 25 Bk s
L [FIE A iR R R 303.7 mV, {HJ&Gi
&N PRI SN LN/ =¥ Ny
22 WHEMZHEMESHR

Sk W ity R Ao A P AR vl it [ 2 I 2R
I Z RS B, 4 3 N-S-MFC [ %
15 PRI R T5 Ve 4 il w1 P T . o 2
PR 2 BT AT DL e R A S P A W B P R =
M P 2R, R 1 s, 3 NEERI
Coverage $65073 5114 99.90% .99.94%7F/1 99.92%,
F M X 25 L BB A5 A RIS A i TP i A
K E A5 E . ACE Hl Chaol $550E R 1HEY
MEV& R, ACE il Chaol fHlK, FEME;
Shannon Fl Simpson ¥5#FEK/RMAWHETE 2+
P4, Shannon fH#K, 1 Simpson {EEE{K, #*
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Figure 2 Nitrate and sulfate removal performance of MFCs anode. A: Removal of nitrate. B: Power
generation performance after successful startup of MFCs. C: Accumulation of nitrite. D: Removal of sulfate.

R1 HEVED o SHFEERSHW

Table 1  Analysis of alpha diversity index of microbial samples

Sample ACE index Chaol index Simpson index Shannon index Coverage index
M-I 1 023.059 1034.133 0.992 2 8.2313 0.999 0

M-N 1 072.667 1079.153 0.988 3 8.0816 0.999 4

M-S 1 098.694 1 103.250 0.990 4 8.1925 0.999 2

WAE R Z AR s U 5 MAT A HE, M-N
1 M-S i ACE Fl Chaol $5%0¥A N, ACE
FE B RE 77 5°~ 4.8%F1 7.4%, Chaol 53 IR
43K 4.35%F0 6.68% , A YIML 5 A YR
P& FEEYE R, 5 AR R R e AR A A D 1Y

A 1453 ) &= 4% Shannon FI Simpson #8541
T YNL 5 A DRV Z FE AR T 0 nT5 R 1Y
ZAEME. Sun EPUBEIRIEH, ANE GBS
HNAETESL R ZFEME, SR 16S rRNA JE[H
WP RE — N WE . A,
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YAk I R FEAR TR0 5 2 2075 i A 0 22
JF, iR P AR 2R 0 AR A S B A —
FE M SEPRE MBS EME . A TR Re i i
%, AR R V3-Vva K518, b
XA ZREE S R . 45K, fEFH
W DA, MFC 9L X A 0 1 e ke 3]
—EMEBAEH, SIS 035 1 15 U8 28 8 )
AR B Ay 1 B 5 BB A ) B TR R 72

Bl 3 MEYR R R R g, WK 3A
ATDAVE 3 AR IR R it 2 i 5 # 2
TR, REIFES DY B G F, kBH
Mo XF 3 ANFE R 15 19 A RUT 51 5L (reads) 7E
97.0% AL EE AP T AT IR 26, AR15 73 484
PG (operational taxonomic unit, OTU). 4l 3B
Fis, 3RS IEIRTE 1 125 4~ OoTU, Hibh
938 1~ OTU HE 4, XKW M-1. M-N Fl M-S #
st PR ZE 8 P I A R 2R AR PR B R o ML R
A 14 4 OTU, M-N fil M-S £G4 OTU 435
b 6 #1110, ZYIML)S IR A PR, %
SRS o ZFREETE R —S A, ME 3B
Rl IE 1, M-N FI M-S BEGR3EE 101 4~ OTU,
TE T M-1 A1 M-N, LUK M-I fit M-S 345 A9 %

A 12000

1 000 f e

800 ¢ /

600 /

400 1 /

200 | M.

OTU numbers

=EE S
)

0 =

H, XEFAAEHAEDRRENF 25 DAMO
I SAMO J "),
2.3 XPAR MFC PRIRMEM S#ES R
RIBFE EMNET EE ST
231 [KFELBFEEEE DT

Bl 4 R T CE IR TR 1K Ry Zhts
A, TEBHE M-N Il M-S 1, BT
(Proteobacteria) . AT [ 1(Bacteroidota) . 425
W 1(Chloroflexi). BRFTF I ](Acidobacteriota) .
fili f M2U5E B 1) (Nitrospirota) MAL AV 1], XF b
M-I, Proteobacteria HJFHXF 3= 705 T FE T
9.8%A 11.1%; 1fi Bacteroidota WIAHXT - g 2
BN, BT AR A 22.4%F1 19.6%. LA,
Nitrospirota FEEER [ ] (Firmicutes) %} = i
WAH I BT M Acidobacteriota R ZTH ]
(Actinobacteriota) ) = FEAT BET T % . 7€ M-S
e MIXTERE Sk 3.8%0Y9 Desulfobacterota
LT B B

Bacteroidota 1 Proteobacteria 1V} % MFC
ST Bl PR 1P, T LR R R I
BB SAEAE TR T 12—, V72 SRS A6 40 o Al
B A AT )E T X AN T2, Bacteroidota

0 10000 20000 30000 40 000 50 000 60 000

Number of sequences sampled

B3 XPAMR MFC BRARIS AN AR5 R E WA & AR th £ B (A)F0 OTU 5/ A3 B E(B)
Figure 3 Rarefaction curve (A) and Venn diagram of OTU distribution (B) of dual-anode MFC anode

sludge and initial sludge microbial communities.
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Figure 4 Relative abundance ratio at the phylum level of dual-anode MFC anode sludge and initial sludge

microbial communities.

TR e W B DR AR, AT LS B AR T
A, JLEDEE B A R s B AR IR Y . 25 1
T, AR LK), Bacteroidota 35 B
SO, XPAYER AR . B ER ER Y 23 BR R BE Y 4
A e HAER o Proteobacteria J2&—Fi e i 14 4
W, S5 ERER N YIS A
XoF = B 2 RO R R Rl A TR R A
ML, B IE PE A B AT PR s b, DR
MFC 77 B 3% i — 52 IR i Y, M SeFse R,
Firmicutes j&— R 800 SO AL TR, 7T DATE R4
ZAF T A AR, B 2 B WL Ry
AN, TERRER IR R I VE R 2170
MR ER IO 2B T Firmicutes AHRT 2 FEE N,
FEIE LA A K B S R, X RGEIRA
i R B A H A B AE ™). Desulfobacterota
JRERFFEE ], Ao diiE TS, AT LR g ]
ITEDR RS TR B RR R b, Hikih
WHEE PR HE S AOM HKCE:, FERIREG
RG], SL[F 5 e Fd R iR, 7EIE
i R e R A o R, BB ER SR 1k
ML BLERAT T & 4 S AR

WRIREL BT VIR, TERG P KD
HEZEWE.
232 EBAKEEHMBERSH

e 5 fros, fEjEKF b, M-1 ARl 2]
7 B R 3 2 i AL 18 5E I & (Nitrospira)
unclassified Bacteria unclassified
Gemmatimonadaceae . unclassified Saprospiraceae
F1 Denitratisoma. 5 M-1 f1t, M-N Fl M-S H
1 BRI & (Acidovorax) AN F- 1 38, e
iR 3] T 6.7%F1 2.9%; HIK, Nitrospira 1)
FEXT QA S, 75 M-N F1 M-S HAR 425
e, Ak 6.9%F1 9.5%, Ak, 7E“Other™/32E
s B T R R, W Methylobacterium
Methylorubrum . Methylocaldum . Methylomonas .
Methylotenera. unclassified Methylococcaceae .
unclassified Methylophilaceae F! unclassified
Methylomonadaceae 55 , iX X Z 5t H H e 1 431
wEZELCEENIEM . Methylobacterium_
Methylorubrum F Methylocaldum J& T 184 H i
FARIA, R FREE 55 1R A U A 58 14 365 VL
TE GRS 251 RIRE B e e Al o v ) 7 B
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Figure 5 Relative abundance ratio at the genus level of dual-anode MFC anode sludge and initial sludge

microbial communities.

Ak Bk P . Methylotenera H1 unclassified
Methylophilaceae J& TVEW BEGHBL, A WI5ERM,
1% # 5 unclassified Methylococcaceae Z 0] ff1E
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DAGE R RV R v 32 A, T R AR R ok 1
A0 R T ) [R) ERE 2R A BB AR SN, S IR R
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Methylomonadaceae J&T W HE TR}, GEME LA
— G A Y 7 o TP B R S R R Eh iR SRR S
e s A B T O i DB 1 < A =2 B 1 B
i R R F0BE R 6 1 2 B 5 T B 1 43 i 5 VD A
X, WAL B CHAER o Nitrospira J&
—RE IR, AME Rk, Rk
JE VA U S5 LA BOR A ACE R, AEA
A6 P JIT 5 O A PR 3 A Ak o A v i 4508 J A
FAB2 ARG R B b BT A R R Y AL R

H Nitrospira AR IRME T R A, FI,
HARXFERERA N, Acidovorax VE—Fh L AiEAk

AT, TEGRE R ST AT LA T e o o
[E] 7 9 ({31 2 P T ) P g £ IR 3 A B U, oy
Sefigferd FEde i, i et 1 BHAR S fil 1k
AR AEAL R . R 2 NJEACE B AL 3%
HIRE R ARG DL .

3 &

7E N-S-MFC Ht, fif FRER FIR FRER 14 25 R 6
531K 90.91%F1 18.46%, tt N-MFC iR $h
AR, 5 S-MFC i RE: ) 2 Br A0 2=
AK, N-S-MFC XA Eh i J5iA B AEAT, T
X R £ 30 S5 T LT TS0 o B F Bl A i AR R
FEERE . 2, KL Bacteroidota
1 Proteobacteria VL I J& /K- b Acidovorax Xt i
R AN e 1 o3 i B OCHEE T, FEJR K
A B Methylobacterium Methylorubrum .
Methylocaldum . Methylomonas . Methylotenera
WL A L) & S, 9 AOM-MFC [fA]
AR R BR AR AL T A SR

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



TS5 SOURHRR 5 FR el A= ot el il [0 20 Jd U BRBRL E E B S 2 AT 20 M 1019
*2 BKELEEMEYRIRIFIIEE

Table 2 Metabolic functions of major microorganisms at the genus level

Tl A W T ol FEAB I AE 2% SCHk
Microbial species Main metabolic functions References

Unclassified

Saprospiraceae

Acidovorax

LTSz AT S A I R

HEVEDRAR , X e A 5 AT — 5 2R, B A AL B9[] i) AT LA TS BR R4 [37-40]

Fastigenative anaerobic bacteria, with certain requirements for dissolved oxygen

content, can use nitrate as electron acceptor for denitrification while degrading organic

matter

RO R HAT A A SR AL RE , RS R Z 0T AU L A T

[41-43]

Some species have hydrogen autotrophic denitrification function, and use organic matter

to produce electrons under anoxic conditions

Denitratisoma KIETFAOREE, 2FRENTFEAEAE, RG-S EEER TR ML [26,32,44-45]
It belongs to the family Erythrobacteriaceae and is the main heterogeneous denitrifying
bacteria, using the action of aerobic denitrifying enzymes for denitrification
Unclassified WA, & 5 AL [46]
Gemmatimonadaceae Gram-negative bacteria, involved in the conversion of nitrogen
Crenothrix SJET yRIEREA, RS TR e L, )RR ER [47-48]
It belongs to the gammaproteobacteria, which catalyzes the oxidation of methane and
the reduction of nitrate under anoxic conditions
Unclassified IR THATEN], N L RPN, 7™ PR R T AR, 25 bl 72 [49-50]
Anaerolineaceae hRE LR

Desulfomicrobium

Desulfovibrio

Thiobacillus

Belonging to the phylum Chloroflexi. It is a Gram-negative bacterium that grows under

strict anaerobic conditions and participates in the removal of nitrogen during

denitrification

e — B SRR INE . S SmMRELIE ISR, KRR (LA s

[6,51]

Symbiosis with denitrifying bacteria in the same environment, participating in the sulfate

reduction process and converting sulfate to sulfide

RS PEAN R, AR C H R T BRI R

[36,51]

Electroactive bacteria, transferring electrons to the electrode surface via cytochrome C

i A SR E R, 25 MRS TR

[52-53]

Sulfur autotrophic denitrifying bacteria, involved in direct extracellular electron transfer
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