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W E: AR A 8T RIR A A A (anaerobic ammonia oxidation, anammox )AL FAE A i
#2, KA E A W @ #E Hu(microbial electrolysis cell, MEC)'s & & WA 4, #MERBESRAR
FACTAAGY A BACF R s, BN, E5m 02V @RS TRERR & RS AKRET 30°C it
TR AR ERHA, SoMARREE. GFMRE. FRENF T EF S RMEFEAR
TRAPBLRMIE, L£REW, EmERRES S H 2000 300 F= 400 mg/L B &F & KAF T
96.9%+0.3%- 97.3%+0.4%F 99.0%+0.3%49 & R ERFE, HAM LI AENIRKIE RITH 2T
EH., HEETMNFEREPAISI B EGETRREREAAR AN AP R G HA A RAHLE
(Denitratisoma). Limnobacter 2 2. EFAH SMI1A02 F= Anaerolineaceae. T FA%HE (Nitrosomonas
europaea)Fa FEACYE B B (Nitrospira) 3, X4k BLA @A S E M A MM R T A Z o) R AL =
¥, { (ammonium oxidizing exoelectrogens, AOE)#= K_FH 1t ¥, #= & (denitrifying electrotrophs, DNE), &
ME R R AR AAE Candidatus Brocadia # & T & St BL A AL M AE% 45 H). AOE 4= DNE 894+
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Enhanced nitrogen removal by bioelectrochemical coupling
anammox and characteristics of microbial communities

XIE Lai'?, YANG Min"*’, YANG Enzhe'?, LIU Zhihua?, GENG Xin®, CHEN Hong"*"

1 School of Hydraulic and Environmental Engineering, Changsha University of Science & Technology, Changsha
410114, Hunan, China

2 Key Laboratory of Dongting Lake Aquatic Eco-Environmental Control and Restoration of Hunan Province,
Changsha 410114, Hunan, China

3 Three Gorges Green Development Co., Ltd., Beijing 100043, China

Abstract: To investigate the bioelectrochemical enhanced anaerobic ammonia oxidation
(anammox) nitrogen removal process, a bioelectrochemical system with coupled anammox cathode
was constructed using a dual-chamber microbial electrolysis cell (MEC). Specifically, a dark
incubation batch experiment was conducted at 30 °C with different influent total nitrogen
concentrations under an applied voltage of 0.2 V, and the enhanced denitrification mechanism was
investigated by combining various characterization methods such as cyclic voltammetry,
electrochemical impedance spectroscopy and high-throughput sequencing methods. The results
showed that the total nitrogen removal rates of 96.9%+0.3%, 97.3%=+0.4% and 99.0%+0.3% were
obtained when the initial total nitrogen concentration was 200, 300 and 400 mg/L, respectively. In
addition, the cathode electrode biofilm showed good electrochemical activity. High-throughput
sequencing results showed that the applied voltage enriched other denitrifying functional groups,
including Denitratisoma, and ammonia oxidizing bacteria SMI1A402 and
Anaerolineaceae, Nitrosomonas europaea and Nitrospira, besides the anammox bacteria. These
electrochemically active microorganisms comprised of ammonium oxidizing exoelectrogens (AOE)
and denitrifying electrotrophs (DNE). Together with anammox bacteria Candidatus Brocadia, they
constituted the microbial community structure of denitrification system. Enhanced direct
interspecies electron transfer between AOE and DNE was the fundamental reason for the further
improvement of the total nitrogen removal rate of the system.

Keywords: anammox; bioelectrochemical system; biological nitrogen removal; denitrification;
electroactive microorganism

Limnobacter,

RETEKEE BN EERRNZ—,
TR KA —H A5 52 O, MG
R ARAFAERRAR AN A = A ), R aZ
PPk . AR AL B TR Ak 5 A BE
FERUAMRAE LS EWMRA L2 —, HRA
AL T2 P S A A I R R R
(= DIRERR S T2 T 2R E4k, A
W 55 % 4 ¥ B 4k % R 45 (bioelectrochemical
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system, BES)5 s fiffb-IR\ A E LG Pt
Y R R R IV R 114 3 D R i B
(2 Fir 3, HA AR 2-5 MHA N SRS
HLAR N A, — AR BRI o AR A Ak
R =8, e g AL A P (A R 4 A
5). AL, AWHafber 2 40 B AR U R AS IR R
T LT B RS IR L N AR R AR, HR IR
A AR (A 4 5)0,



B B A RS BN A RS

NH? +1.32NO0;5 +0.066HCOS +0.13H" —
102N, +0.26NO5 +0.066CH,0, ;H, < +2.03H,0
(1)
NO; +2H* +2¢~ — NO; + H,O(E = +0.433 V) (2)
NO; +2H" +¢- - NO+H,0(E=+0.350V) (3)
NO+NH! +2H" +3¢” — N,H, + H,O(E = +0.06 V)
(4)
N,H, = N, +4H" +3¢ (E=-0.75 V) (5)
A H Ab A R G P AR S R O
A Py it — AN AT o HUA 5 SR8 P 4 e G A ) 2
B T 110 75 1 VR0 i ek A= 4 4 g 3 o )
D3 i i &0 BB 7 5 FLTE PRI W B R A
FHBRE D, XA GE YT LK A s T4t
iz A %)W S AL B rh RS T
SR AR, DLIE 5t 40 i A0 2 v HL - 32 44K,
M AR SE AR B A R RS R T Y
HAL 3 P G A W =z D) ATl ek 4 ik B o W A
HL o, BRI 9 B R ] L 5% 7% (biological
direct interspecies electron transfer, bDIET); &
TR Z ) B i, I
WA T 0 H 42 R ] H 7 5% B8 (direct interspecies
electron transfer via electrode, eDIET), H.AF H 7T
D23 2 A 000 I AW 0 B AR =z ] &350 FL B 7 FL i oF
FIWr o AT S AE R R AT DLE 4 22 i L 3
e QAN 7/ 1 I (= W= W | I = S
(ammonium oxidizing exoelectrogens, AOE)FI %
fitd fk Ha, 7% i (denitrifying electrotrophs, DNE)!!
Joicy 25U o W RIS AE TG TRV S R AR T
AOE #il DNE, 73 5|31 748 AL 24 (AOE) Hlid S A R
£ WAYFREN(DNE), MM A . Qiao %! 7EH
A2 SN i P (] B2 S A Ak 7 e R DR A 2 4R
Wisle, JE8h 20 d )5, BRERRFRER AT
99.1%. IXEEHFFEUESE T RS . RAHAL AR 4R
ARG SR A B AT, (B R E (%
Flt anammox T JH VALY HL AL R N AR BE R &

&: 010-64807509

SRR AL FTEMERUE Y R AL A R . X S
FEXF oA anammox A PIEE, SCELALHIECH
anammox SRALIA RGP S s HAA HE S X,

TP, AT T anammox-MEC FAM AR A
R, M AN N F SR AR Ak 2 0 T TR B )
anammox, IRFTIXIAR R MR AR LRI,

1 MRETE

1.1 MEC RR2HHE

SEHO R B BEES A 2 41(R1 FT R2) H
= AN E MEC RV# (K 1), Hr R1 JFi
XS RRAL, R2GMAMIEE 0.2 Vo [P = 4
RRUWR 250 mL, WS 22 (0] i i As e ik ay
B, 2 ZH SN AR T A H AR RT T F Bl 257 T sk
(4 cmx5 cm)H ML, BREZ57E 1 mol/L NaOH .
1 mol/L H,SO4 FIJC/K . BEH R4 12 h, SRJ5 FHK
THVE 3 /5 105 °C TR T, BIEGA 1 AR
FIHRZ L (0.241 Vvs. SHE, HIFREISE
PR T]) o iined A rhfelf PR ) 3 ki S DR
G5 RVASEET 30 °C (RIS FEFE,
1.2 HEREMERR

WK AR ALK E O REET 1 Uk
) IR SR A AL SN 48 (upflow  anaerobic sludge
blanket, UASB), BAMFZFNI5 Je A Al 5 i
BRI 10%, BAMAE AR AE DA o B & 15
FWE )T (1 L): 0.125 mL iR T EIR S,
0.4 g NaHCO;, 0.025 g CaCl,, 0.05 g KH,POy,,
0.05 g MgCl,, 3 mg EDTA —4if1 6.67 mg
FeSO, 10H,0, %M 1:1 AR AR 22 ot
WHIA NHHCO; fl NaNO,, Bl 3 ASA[R]E
RUEE 200, 300 F1 400 mg/L!M ., PHML 21555
W (1 L)y~ 156 g NaH,PO4 12H,0, 3.58 ¢
Na,HPO,-12H,0 F1 8.77 g NaCl Fl i R £h 2 mhgs
i (phosphate buffer solution, PBS),
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1.3 SAEE
1.3.1 KERZHEE

KBTI S48 24 NH,-N, NO,-N,
NO; -N 4§, A 2 B COR A K Wl 43 B
T ) (G 4 ) s A R S eI =2 1T 24 e
0.45 um AYUELT U8 . W BRI N A
Vi 2RI M B A
132 BAESHGE

PEFMAR 292 (cyclic voltammetry, CV)FlHL fb2%
FHA T (electrochemical impedance spectrum, EIS)
KR =R R, PRI 2 i e T
YU (CHIGO0E, EifgRAAAABRA R, 16
IR BRI EY 0.5-09 V, HfEREN
0.001 V/s; HAEZRHPTIEI R B IRE R 5 mV,
0.01-10 000 Hz. eDIET AJ ) FH& 1L % i sk HLiE
FEAEN, SRR AR [T R 10 ©Q R BH 3
HLE,  DARKIEE A SRR A F A (B
1.3.3 MEMREESERSHh

ey 3 2 I X T A ) T A R AT AT
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Schematic diagram of the experimental setup.

C power ban

2] . -

Reference
electrode

Workin,
electrode

M RI 5 R2 76 TN=200 mg/L Fl TN=400 mg/L
N PR A ) AN AS AV W b 23 SIS ER 0.2 g AT
T HEECS L 2] DNA FF3E7 7y 38 05, AH
K75 Wang SR 55 18 53 Majorbio
TE 2L = F & (www.majorbio.com) i 17 /& 38 &

PSS
2 ERE4M

21 @AERRMRE

ARG A LR R IR 1
o 3 ANFLE AW MEC Hi7K NH,'-N |
NO, -N. NO; -N ¥ & i [a] 224k 4n &l 2 Ji s
Mt AN R 0.2 VI, 225 54 3K A ik
JE(TN=200. 300 F1400 mg/L), RI A EAER
RN 66.8%+1.4%. 83.7%+0.5%F1 80.5%+
1.1%; R2 MAEAEEBRZRDHH 96.9%+0.3%.
97.3%+0.4%F1 99.0%+0.3%, R1 1 NH;-N FI
NO, -N USSR M ZHBRFHMT R2 (R 1, K
2A. 2B), XKML T EZ I LFR.



B B A RS AR R MRS T

£ R2 AR SEWRE T AR BEReie s B A L BRI AR I T S (b sk 2
R E, MY S AL RSN (0.440.1) . 2.2 EB{LEEIHEE

(3.4£0.2)F1(5.7£0.4) g NOy-N/(m’-d) (£ 1), R1 221 EBUAFHEHIE

0 SR Rk (-3.6£0.1) . (3.4%0.1)., (1.6£0.2) g R1 5 R2 By EIS &5 UNE 3 fron. Hifigit
NOy -N/(m* & T R2, ATULGm sk PIBL R i 3 S5-I B bl Rer,

x1 TEAKDERETHERAERERMRHELER
Table 1 Total nitrogen removal rate and denitrification rate under different influent total nitrogen
concentration

Total influent nitrogen concentration (mg/L) Total nitrogen removal rate (%)  Rate of denitrification (g NOy -N/(m®-d))
R1 200 66.8+£1.4 —3.6+0.1

300 83.7+0.5 3.4+0.1

400 80.5+1.1 1.6+0.2
R2 200 96.9+0.3 0.4+0.1

300 97.3+0.4 3.4+0.2

400 99.0+0.3 5.7+£0.4

A B

Nitrite concentration (mg/L.)

Ammonia concentration (mg/L)

~1

W
—
-

h
<

(o]
th

Nitrate concentration (mg/L)

=]

Total nitrogen removal rate (%)

10
Time (d) Time (d)
l 2 AEHKBRFEREZEHETRGHK NH, N, NO,-N, NO;-NRERERAERRWTL A
RUEAAL. B: WASEREE R MR L. C. RN E k. D BR LR

Flgure 2 Changes in NH, -N, NO, -N, NOs -N concentrations and total nitrogen removal rate in effluent
under different influent total nitrogen concentrations conditions. A: Change in NH,'-N concentration. B:
Change in NO; -N concentration. C: Change in NO; -N concentration. D: Change in total nitrogen removal rate.
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Figure 3 Electrochemical impedance spectra at
different total influent nitrogen concentrations. A:
Rer and Rg of R1 and R2 under different influent
total nitrogen concentrations. B: Nyquist diagram of

EIS for R1 and R2 at different influent total
nitrogen concentrations.

WHLBH Rs FREE@ 8O, HE 3 A%,
Rs1(TN200)=4.159 Q>Rs2(TN200)=1.755 Q,
Rs1(TN400)=2.584 Q>Rs2(TN400)=1.334 Q, A
U F B W A B T B 2 AR AR A T T T
Y, GRS IN. [R]E S 56 2 SR ik B
AR AL VER T Rs X E K SRR BE 1 A8 46 AN
IR , T R T M A ) R P R R
Rer1(TN200)=3.377 Q>R12(TN200)=2.29 Q,
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2 W iR A A F) T S H AR R B
Rcr2(TN400)=2.349 Q % /NF Rer2(TN200)=
2.318 Q, Ui BRI BE S AL AR W) I B T 1 I AN 58 4
MR T S IR P ARV B, A, 5 R I S T 1) 2
W BA .
222 EIRREE

Rl 5 R2 1y CV &Kl 4 s, R1
CV & LT TR IR Bt =24, R2 1Y CV
HIES e v R TA R =R fa 157 S 2
R R VLG R2 B CV i £k 38917 78 A AL IR 5
XU R2 R a4 T ARSI M)
R2 1) CV MM~ id J5iid & T A A A Ak
Jio 24 TN=200 mg/L i}, CV {UfE-0.410 V H Pl
TIRJEIE, T4 TN=300 mg/L Fl TN=400 mg/L
SR T 2 AN R, SR R AR bR AR
T2 AR A I8 SR (A 2K 2 FA R 3).
2.2.3 SMERERELIR

AN LR ZE AR 5 FR . AN SEIR
R R1 WIFEIRAE, TR ™4 R2 1Y
HLIE(E S I T . 78 3 MR EE T Y
WEME L R 0.016 mA (TN=200 mg/L)F&{% =
0.005 mA (TN=300 mg/L), Z TN=400 mg/L i}

1.50
RI « R2 (TN200)
R2 (TN300) * R2 (TN400)
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Figure 4 Cyclic voltammetry curves under different
influent total nitrogen concentrations.
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Figure 5 External circuit currents under different
influent total nitrogen concentrations.

ShELEE TR L ICHR (B S), AT R2 FEAN[A]E
KR E T 9 eDIET 3288 55
2.3 WHEVIBREMTHIE

R1 Al R2 41 JZ v #% 7E TN=200 mg/L il TN=
400 mg/L B 9 T AF AR A= P BB A IRV W P i)
YNP DNA Al sl A g L e 6 fr
/No TE TN=200 mg/L F1 TN=400 mg/L i, R2
TE P REE AR T BE T TR, A s AA
KR e e 3 FhEE . (1) ST
(Chloroflexi) (R1: 30.06%7F1 38.46%; 36.61%7!
33.69% . R2:32.32% Fl 32.41% ; 28.11% FlI
37.33%) . (2) #AHF I '] (Bacteroidota) (R1 :
36.88%F1 31.68%; 34.89%F1 44.70% . R2:
26.45%F1 20.92%; 34.76%F1 26.19%). (3) 7
JE B ] (Proteobacteria) (R1: 14.96%7F1 17.50%;
13.43%F1 16.12% . R2: 14.96%F1 17.50%
13.43% Fil 16.12%) . H: H Proteobacteria il
Bacteroidota [1F Z 4 i # A A RE, X LLH
REXT T A A EEAE

B EFERIRA AR . AT
M EALTE A T A RE R . IR E Ak
I )& Candidatus Brocadia 7F 4= ¥ B AN A A VE W
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FRAARXTFEBE N R1: 0.15%F1 0.53%; 0.43%7F1
0.19%. R2: 0.54%#1 1.5%; 0.56%7F1 1.05%,
A UL AR AR AR [RIRE BB A% ' AR R AR SR T, SR
MK SRR BE B N ARt — 2 & % Candidatus
Brocadia, JZAH{L# Denitratisoma 7t R1 Fl R2
A P BN AR S WA X E ) R1: 2.17%
I 1.77%; 2.10%F1 1.19% ., R2: 2.73%7F1 5.46%;
2.7%H 3.36%, AN 25 S R W AR AR
W AR T AR B Ak, R1 Al R2
Denitratisoma /)& 5272 B R 7K B 2R 1Y
BB RGN, X — 20 AT D AR AR 2
Denitratisoma &%) FEIEHN . ASILEE T
J& Limnobacter L) R1: 5.22%F1 4.85%; 5.45%
1 6.33%., R2: 2.48%F1 7.57%; 2.70%F 3.36%
VeEHE . Wk SM1402 FIHE R1 Fl R2 A4 A 1y it
FA TS W AR F B2 53 528 R1: 1.10%F0
0.75%; 0.67%7%1 0.85% . R2: 2.87%FI 4.45%;
1.5%% 2.65%, Anaerolineaceae VWIAHXTFE N
R1:0.65%7%1 1.11%; 0.86%71 0.54% . R2: 1.13%
1 1.58%; 1.11%FH1 1.17%, X MR E)E ok
B HA AL NH N WEE ). BRILZ A6, RS
S EE T &H A AL E WA 1L 1 (Vitrosomonas
europaea)' " (R1: 0.19%F1 0.29%; 0.09%F
0.10%. R2: 0.08%F1 0.15%; 0.13%F1 0.11%)
FIAH A2 B 8 (Nitrospira) (FAXT E £ <0.1%).
3 Wtk
3.1 TEMRMEEE

TAE W 93 A R A4 A I8 K i PR R 1) iR
J ST DR R A SR A S L A R R A AR B A
SN AT D32 IR SR AU, R A Y
TH AR AR TR BRI R EL A 2 R2 VA 2Bk
RET RIMER . R ZEAR NS R 1
BUF BT SRR, 33X 5 B A SR
REER—%, R1 7€ TN=300 mg/L W} 5 itk ik
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A . Chloroflexi
R2(TN400)M | | 1 I | Proteobacteria
|| Armatimonadota
RI(TN400)T I Actinobacteriota
RI1(TN400)M | | [ Planctomycetota
R2(TN200)T I T 1 | Flrmlcutes ]
: Acidobacteriota
R2(TN200)M | | 1| WPS-2
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6 EMEVEMARBRPEEDEZEN A BUEWRET K016, B: UEWRHE KT R
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Figure 6  Structure of microbial community in electrode biofilm and bulk solution. A: Microbial community

phylum level distribution. B: Microbial communities are horizontally distributed. R1: Open circuit for control
group; R2: Applied voltage 0.2 V group; M: Electrode biofilm; T: Bulk solution.

#(3.4£0.1) g NOy-N/(m'-d), {HICHRAAREE  SARFAIRE . B R AIEAT, R2 A miidh
W R (] 2C), RAEHBAEBRRICKME—  WEHIET 0 mg/L, R WIRJGIRFETE 15 mg/L

http://journals.im.ac.cn/cjben



B B A RS AR R MRS T

e, AT ULt N A A Ee R B RE R
AR, SR B T 4R AR
BFE

3.2 ELEMRE

F Ak 2 2 0 0 35 1 AT L3 el AR 2E B
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R AL A R2 RGEH A T b2 id Mk
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LTI 98 30 35 LAl T 6 0 it i 22 R IGO0 F
(22230 TR AT DL O R AR e i 2k (B 4) vk
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B TR 0 A0 S5 HL AN, 17T 0 FEL S B 5 1) S i TR 6 3
SRR, AT L AR IR S R e 4R Tk
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W R A, AT LA TN=200 mg/L A,
LR H AR T & A 1 SRS R R A8 5 2 5
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TR IR A SR, i R R A D 0 D sk /)N
AIOL R2 A H MR 2 1T K AR 1) S i TR k348 SR A D
55, HMRENILJEAEN S, H I bDIET BT
¥4y eDIET AP AM Y. AT, R2 (L AEfk
FE A [R) HE K R R T A W i b A A
bDIET 5 eDIET {4 i & 4 it ATl o
3.3 WMEVRERLSH

RlI WA VIREZAMNMNER, R1 5 R2
DR AR 2 B AR R 2 B 22 el T R2 PR

AR
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A EANIRBENEN o Denitratisoma 5 248 H:
fth PR & A 2 AT A3 AEEFR, B4 Chen ZEPYAHF
RWAB T Candidatus Brocadia F1 Denitratisoma
Z[8) B R R AE R, i bR SM1402 A
Anaerolineaceae T L\ P[] HAE B il A58 T I
ALY, KR HAT RS RE I E Limnobacter
MAA MR 7B R & AL R
Nitrosomonas europaea" "l Nitrospira 7¢ B
WAL RS T Y Denitratisoma #3546 F)F 24 S fiffk
BRA2, B WA G Denitratisoma . Limnobacter .
SMIA02 #1  Anaerolineaceae
europaea F Nitrospira 5 EHA HAL2FIE M 5L
AW AL T R & DNE fl AOE, EAf1HMAK
AR AAL W Candidatus Brocadia 4 i T & & i
RV 41
3.4 BRI ARG R F T IR R

R2 w4 T DR AL TE LAS Y R ) fE
W& ¥ DNE: Denitratisoma .Limnobacter Fl AOE:
SMIA02 #1 Anaerolineaceae
europaea M Nitrospira (8] 6), XEEHLEYI7EH,
WAL R T RAF Ry A2 3G P8 2.3 4).
AR EA T TE AR L T 15 LLE () 6),
DNE i J5UAH R £ AU AN IR AR 1) - M1 (A2 2)1
N PR AR RO (A 1), [R] H AR B
JHCH, - R o3 DR AR 2 4R A T AR JBURE 3 I R
KWL (A 4 10 5) o HUAR AR AR (o A 32
i T IRE A ARG E T AL
4:%) AOE 55 DNE, fie it 1 R4 24 A fL1H 5 AOE
I DNE {14 = 2 Hr R A (B 7).

FA A AR Ak i Ak T R TR P T AR ) — A OE

SMIA02. Anaerolineaceae. Nitrosomonas
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Figure 7 Mechanism of enhancing nitrogen removal by electrode polarization.
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