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Abstract: To improve the denitrification efficiency of microbial electrochemical system (MES) in treating
low carbon-to-nitrogen ratio (C/N) wastewater, manganese dioxide (MnO, )-modified carbon cloth
electrodes were prepared by hydrothermal synthesis method and a periodic polarity reversal strategy
(anode +0.2 V/cathode —0.5 V vs SCE) was adopted to cultivate bidirectional electron transfer biofilms
to further accelerate the interfacial electron exchange capability. The results showed that the initial current
density of the MnO, modified group reached —10.2 A/m” in the cathode period, and the maximum elec-
tron storage capacity of the biofilm in the anode stage was (0. 8020. 03) mmol, which was 15. 9% higher
than that of the control group (without modification). The total nitrogen removal of the modified group
increased from the initial 36% to 91%, and there was no nitrite accumulation throughout the process.
MnO, modification realized the selective enrichment of functional bacteria: the relative abundance of the
core electroactive bacterium Geobacter sp. increased from 50.84% to 70.21%, indicating the improved
community functional specificity. At the level of nitrogen metabolism functional genes, the relative copy
numbers of genes in the whole denitrification pathway increased synchronously by 2. 17 times, which com-
pletely activated the denitrification pathway of nitrate—> nitrite— nitric oxide > nitrous oxide— nitrogen.
Electrochemical tests showed that the direct electron transfer contribution rate of the oxidation peak
current of the MnO, modified group reached 56% at a scan rate of 2.0 mV/s, which was significantly
higher than that of the blank group, and the electron exchange rate between electrode and biofilm was
improved. The analysis of biofilm three-dimensional structure showed that the viable bacteria of the
modified group migrated to the surface of the biofilm, shortening the nitrate diffusion distance. The extra-
cellular polymeric substance formed a uniform three-dimensional network skeleton, with a balanced distri-
bution of polysaccharide and protein components, and the structural stability and mass transfer efficiency
of the biofilm were significantly optimized. This study realized the improvement of denitrification efficien-
cy of MES biocathode through MnO, modification, and provided experimental basis for the development of
functional electrode materials and the optimization of operation strategies for denitrification of low C/N
wastewater.
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ik C/N BEK IS AL R RE M52 m . DB AL AR . F 7 1% 3 e M . B0 0 0 0 &5 4 2 A ) T2 3 A i 56
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it KA B A MO, B TAER AR, BARRBI T ER BT, K 256 mg ik
B (KF) 200 mg &R R A (KMnO DMK ANA 20 mL 28 7K d, PS5 A 25 mL 0. 5mol/L #Y
H, SO, ¥, 4Z:PiFE 30 min, S . BC— B A O iR s K v T00RTRR A ) s B A P At 2R DU 3 2
I N e e R 2, T 120 °C RV 80 min, RF R 58 BUG » ¥R A2 A B AR, B A, A E
FKPEH 3k, i T 60 C HA FUHEAh 4 12 h, BIF3] MnO, B4 TAE A% .

SN i (4 2EL 25 A8 A WL 3 5 A A A B A ) SO e, G S IR AT AR 200 35 mm, JEAK
K BER 30 mm, WA AR 28 mL, RAA M MnO, Bk (ER 30 mm)fE R TAER MR, 23
FHIFE EARBIER (120 H . 2EEE 99. 99 % » B s R A RHA BR 2 "D AE 6T . 2 Fb AR S 1 0 H oK H A
(SCE., XI5 i S A B L +241. 5 mV) , [ EE TAERL S,

SR WIS AT A B B, OB E K o AR B B 20 B AE RIS K. IFEE+0.2 V vs SCE L
N FAEAT . 76 B i th AR e S Ry B 3R U] AR AR R, W BRI — 0.5V vs SCE 1 1H &
T, AR DL SR AN (1 g/L) s F b4, AL il Ol e A2 R, BT AR aE KBS b K, Rt
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2 mmol/L BGERR R BAE R 7324k, Bt g — i F bR, i@ 7 B b, @ i fE H A CCHI 1000C,
g R AR AR AT B 2N w0 S A e A, BE R R I B R R T 3 A 50 mmol/L PBS 2% #h K
1. 25 Yt 5 W0 0V TR 0. 50 %6 i A R . KR, BH B R B AR afE K 2N, (99,99 %) B K
30 min PIRFEIRECRAE . K. IS ITa ¥R 1 d, fFRMRAHRAEYEG. RELiETT
14 A~ 52 & 19 [ BH B J8 30
1.2 SHAE

k%75 % i (Chemical Oxygen Demand, COD) Bl & : COD 2k HIC/K BT A2 A & I 5E DLk 1
Sy ) (HI/T399—2007) M . i B A HERR LI 2 mL Rrill W & F COD ML i, Bl IS o 1
] mL WAL, 2RI 4 mL MR 2. 37 B . 7000 R A IR TR A 15T . AR DR %
1% DRB 200 b 35 5 0 18 4 i A . T IR A 165 °C . AR TR SE UR » 0 0 e A B T O A b e R T
fit 15 min, ZJ5ZBFEN, FERERER 120 CREE M ELL, BBEAYS, B TERTARRHNEF
. B S F 23606 R DR 3900 5 Hom % B

A EOME . WER, KHEEZL 0,45 pm BT I8, 658 5 2 (NO, -NO fiff F 28 4h 43 o B vk Il
E 5 AR ER AL (NO, -N) M N-(1-Z856) -2 ot BEvA I E 5 20 & (NH, -ND i FH 49 FG U500 4356 06 B2 125
SE. BT RGP s & AL B A 0. 8% ~1.0% . BAKAL NH, -NIERAETE, HifhFis, i
FINH-N RO A . SR LB RRE SR D5
~ (NO;-N) i + (NO, -N) ¢ + (NH[-N)

(NO; -N) ¢

A VI REVE ARG 30T . T80 14 47 R 28 o5 R AR WA F AR 2R 180 A W RBERE i, WU RS BT —80 °C
VKFEORAFE o KA WY BEAE S 64T 16S rRNA Sl T, RS HUE Y REIE 25 M A i . HARR AR I T . i 5t
FEMEAT DNA 250, W38 DNA W BEJS . R 126 B3R Bl 58 Jie i Uk R DNA 9 3 5t 7 FL UK 25 4 33l Il )
SERIRI AT R — Y, X4 TE 16S rRNA JERAY V3 — V4 K PEFT 8 38, 15148 338F (5'-ACTC-
CTACGGGAGGCAGCAG-3"), I 5|#H 806R(5'-GGACTAACHVGGGTWTCTAAT-3)"", 784 |
Bk, IS5 PCR %), 44 PCR =9 BIOF #EAT 8 AL 35 . #6477 DNA W B2 R B2 7 it . R4 Tllu-
mina Miseq -5 I ERAERIE , XFaiAb )5 1) DNA R Boky a5 8 SCRE . il s 58 iU - R SE 8 A
Al 2 °F & (www. i-sanger. com) #FATE W E B2 081, LARALJS 99384 7 15 51 A8 PR R AR 3%y i, 76 I8 43 2%
KPR XA AT ZH A MO, A6 i Bk A ZH A 5 2F 47 1 V& 25 al AL 3 i . [, 2T FAPROTAX J7
% AR B 6 S8 U R 1 A A D B 0

Ak 2 i i . IEAT A R R T 9 2R R % (Cyclic Voltammetry, CV) 434 BF, #f — 4217 A
BN A5 AT L ) R g RO A KT S 1 H AR TR 5 R K B RO PR R — B0 . FRFETTHOIRAE R AR E 2h, Ak
S TARSG R CV B AT WK, 38 i X OVl £ 4% B30 o i () X 7 09 H A% H A7 CED SR — By 5 80
(DCV) o 1 AR AT A W AR AT 0 P A 0 504 A0 0 P 67 . FE R AT IR MRS T 1 CV Hifirt,
B RGN — A e R WE AT IR AR SRS . A 50 mmol/L PBS ZZ vhifk . JFEEARE 2 h DL kAT
Wik, CVHERMMSECEEM T . B EA —0.5 Vy Kk AL+0.6 Vi FIKY CV IR H #i # R N
5.0 mV/s, TTIEY CV MR AR B39 H 0.5, 0.7 M 1.2 mV/s; HMEE N 3 B, EHnE— B
JAE A B B

A B G A R A - 8 IO 2 3R A OB (CLSM 800, 7 [ 28 ] ) X AR Wy i = 4k 45 ¥ 3#E 47 0L
5%, WERHT X AE Y R AT IR SE TR Y 0, Qe BV T . B 1 meg F5 AR AME T 1 mL —H WM
o, 1 mg ML N BEYE T 1 mL £8 7ok, TAEWRE S AT, %64 50 mmol/L PBS Z i & T 37 C1H
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WA A, A B R4S R AM TR (I 2 pL BEWOR B T 1 mL PBS 28w b)) 5 Ak 9 i
TAEW (1 pL BERG BT 1 mL PBS ol b . Bl S HE IR PBS 9% v ik o Uk AF D /L A= 9 2, Bk
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W E Z R AN EPS B SR AT S 4R d e,
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RF AR S0 100 0y o O %% E 4R 2 B A TR, 2950 — 1002 A/m” ML PE S I . A 0 I PN A A7 B o P AT
RE A5 W IR EL F B 30 TR A 0 M58 R 6 JRE B DA R, G )™ A B 0 i R DR 2 XHEDBE S . TEAR RGP, MO,
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Xt R I A 0 I B AR D EA TR S . I 2 O MinO, 18 41 A0 X B 2 7R BA Bk A5 32 4T 24 bR Y
PR AR A 0 o 25 SR s o PR3 R LS ) T 1) A R R AR R s NTHL -N 35 20 BUR FRAIR A i 3, i
I AE 55 BN & 4 19 5 B Geobacter sp. 4536, 5002 W ML A AF FR 58 D AELE B I TR R A IR AU 1
GRS, FERHERER MRS A . R AL T RE R A W AL, A W B AR s 4 AR T RE M T L B
2, MnO, i S A LBRR AW 36 82 T 9120, W2 & T25 [k A 41 (»p<<0. 001) » &I MnO,
A8 W0 X A= 0 ) e kR R B0 A [ S AR L AR T O R TR AR R

m{w NHG-N L] =awds L] Mno &k
=10
ED 0 m B EED [ED EE@ Bl Ii—ld] e = \_h_F rhrﬁ rl_-l.i. I:blil I_H—H
@’ 0.8 NO;-N
5 0.4 H-‘
a’t] 0 |_I—| I_I_\ i, =1 — — i s

) Hﬂ NO;-N m
i OW ol B s Bl ot il e il ﬁmﬁmﬁﬁﬁmﬁ
g 80 ' S S ft— = +
£ l,,/A~\\*___¥///{ ! e
# . ¥ : i —— MnO,iB{ifx

1 2 3 4 5 6 o 8 9 10 11 12 13 14
B/

B2 ZRGEFPRRATEAPMBRELER

A IR ST HE PR A W LA A O 8 P 2 R AIE 8 08 T BHRR U s Fl i A7 A6 2R 5 R i 7 IR i
(Polyhydroxyalkanoate, PHA) | iI4M R AW (EPS) si 4l (4 R C rf, I 76 B 7 (R B = 1% [ 4% 30 43 75 B¢
L 3a SR T A8 [ R AT 415 MnO, B HEALTE 14 432 47 0 P9 B 045 B A 00 A S 2 B By,
MR T RGH T SR S S FIE ., 25 FBRA 45 MnO, & i 21 BH B0 i AR 4 2 18 3 3 T B
P, E S AR B0 2 2 S H T AE A B OGS ) 5 MO, 8 4 41 A B 300 7 25 H i R0 7E 2 BRI N T s
FIB A 4L, FEor B T MnO, (LR . MnO, 75N SR B 28 b4 kL, FIaEE Mn'' /Mn® " B9 AT 33 S 1k
BN E AR AE L . R, MnO, 810 21 B A% 300 R 3t BR G 00 4 X (i A i T 25 AL, SR WD AE B AR
S0 AT E g b R TR A L R A R R A SR AR At IR A, A A AR MinO), A8 M 20 A W IREAE BH AR
0 B K L T AB AE RN 9 29 9 (0. 6940, 01) mmol F1(0. 80+0. 03) mmol, 3% #B4> 7 ] 4 Jy B A% 11 i 2
AT AR 7 TR, B 3b B P A T 2P R FERT A IS AT R T, MnO, Bk B A
55 R AR B SRR A S T A LR A A, ORI AR AR AR D SR T B R R B, o, Y
BTk L R BN, vTRE S MnO, i 3 UG R T (W1 Geobacter J&) i 323k C RIAIMI 0 R G X EENA
K, YRR T AR AR S A AR s r R STRR R T A A AR T IR U B F MnO, MR B HL AR
PR JIT TR 0 A A0 L TR, TRCRN TS E R AT F AR DR = A A R T S B R R R R R, 5 ik [
B, MnO, #4040 F F R  f 7 B Re 2l o 25 (OB A 41, 30 A 6 R A6 1 30 D o R 0T A O
SRR AR W 2R AR L SCEL T S R RN 1 32 R R AT, AT AT ORL ] L A% 3 AR A B 1 O B .
FEARZRG T, SRR R A IR 7 F R /N TR i T 5 AE W IEAE A 2R, 0 2 i 7
AREH T AW AR .
2.2 BEEREMSDW
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P/

b. 2 AR FIMNO, JE1B4A R S5 R I 1 T S 4
E3 WAEFEBIRTESNAHNTHERRINRGEFHEF TEIF

HEVE 45K 43 BT R BT, MinO, B4 52 B0 T %) D) RE T (9 e £ Mk & 4R S5 0k . B0 LIS PE TR Geobacter sp. fEH
HL T R T B T L M SR B NS X IR B 50. 84 %6 THE MinO, ALY 70. 21 % (& 4a) . K
IR AN (5 C 5 5 B A S el ) BB A R R O RO A i R R A 4R
HL A 55— HEYETE Geothriz sp. WA 42 B8 25 FUX BRAL Y 1. 16 %0 T+ 2 MnO, B Ry 1. 45% ,
— B 5E T W AN L AL 8 R 45 5 Thiobacillus sp. S SR A s AR 5 3580 A 95 IR AL B8, AR % 7
W\ BB RIVE R AT 5 Geobacter sp. TBRUE R F, SCF R B 42388 . SASHLTE Thauera sp. 7]
0 REOH Tl TR R A SR U RN S R I I A R R AR, PRRE T RAS AL T BE m AR ks B 4L R
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TP, A, R A X IRALE 29, 74 % FEE MnO, BHiHAY 23.17% , #E— 10 T B
H“IEE L —1.

EHBTEERY . Geobacter sp. VE R M T HF 227, o A L A B AR G K A 3R T AR 0

Thauera sp. 5580 RAE LT . A4 2R HL 6 P fiﬁﬁfh?ﬁlﬁ%’mlﬁlﬂ@%ﬁaﬁi% S S R A AR L
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Kl 6c FE 6d 4351028 HBk A 240 A MnO, &4l DET K& MET X4 6 i sTmk %, 25 A4, 24
FUEHE R /N (0.5 mV/s) . RJEASWER TP MET 5THkR %I 100% . SIS WA 7 DET 5Tk A
102, W& FHE AR MG, DET 5T BkR A B in . (HIEIR 2 50 2 A B d it , DET k%
A I 20 %0 o LB A PR A 20 R B 25 0 B8 A T s B 2 Bl O R A, AR b e B DL MET O &
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DT LU B8 3 W AR W R H AR P A s R R, DET FR SRS MM EER C. SHEESHE
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%, FERMAEHED TERMKKX, REEEERRB T, B FREZE4EELEE2ERE, 2T
BENEYE AN, REMRBATL RIS R LR T, HIIMREEFEATIRMIAE;: 1 MnO,
16 Wi 205 TR A RS I MK W AR S i e b IR IR T R T DR A ol 3R 2 T A D AR S R O R
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