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RIED . R T EIEAME, FEAETEI T KRB MR 5 24 i3 . oo Lo, ABF o R T BA AL
A PHA SR Ak Y DU 2= 6o A #1088 R b (four chamber microbial fuel cell, FC-MFC), [H# %= 5Bk = 2 [0 HIHE 738 ik
JIX (cation exchange membrane, CEM) 5 FHE A2 # /% (anion exchange membrane, AEM) #4738 4000 7EHk B 2 4E H
TETFHITE IR, AR ERIMEAANFRZE L6, T i CODBIFEKAR A ) X FC-MFC F=H &
15 Y BBRBCR B, 438 FC-MFC AR L FRigfE, 45RFM . FEE B E COD G, 4 MFC Bibf =i
7. VAR R AR ORI R B R 2 340, [RIFFIAR 25 COD i TN RYEBR R IS, ZRGX &S A 5K
BA RIFRHPLAAT, 2if7Kk COD A1 NH,-N BTHb ik & 43071 100 mg-L™ F1 100 mg-L™ i, 4 4> MFC B i) W (e
WHLEA T 526~619 mV, 2 KIIRBEE K 103.47~121.00 mW-m™2, A COD £EZEM TN L5 E 435 E 94%
96% LI I o R ERIBEEMNTEE LN, R EMED RS ER . AR ENIER ML, FREET ARM 28 E5
AV BB 2 HEAT RS AL R4 B BTHR T 25.96%~25.97% . 0.919%~5.18% . 68.87%~73.20% .
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FOAEEAN, M. BR. ZEANE . e E s e e Ziipgt s SR e A e kA
W, SEUKMKR S EFRALFIGAR4 (dissolved oxygen, DO) TR, HASE MBI TR EYIET P,
MFC IRV E—FMEA RIS ER, SHEHFERARRMREAE AL, MFCEA TSI SHARL L
BTG YL RIS A FREVR M SR, ITSeAE, Tl MFC SEGIIA T AARSS S, I SEEiE K R
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DIREAIARIE TR TG ELE
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%A, DING 25" B58 T AR5 e B R R sEm, Jifl THeM 5 IR ORI . BIRAE SR
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KB ESEE A MEC IR, S8R5 A E K AN AL R 25 A TAEAL N, Bk A MEC FIRH
I B EA: 2023-04-18; XA HEA: 2023-06-29

E—1EE: FFE®R (1997—) , B, WA, 1159596060@qq.com; BRBIEIEE: HEM (1979—), B, WL+, @l##E,
fuguokai@163.com


mailto:1159596060@qq.com
mailto:fuguokai@163.com

2880 ok L B ¥ W EEAVE S

e 28 1 FH B AR A 3 1) L F- R AT SO Ak o SR, ORISR A Ak S L #% 1) R Ge i A A N T i il AS o
VIRDIS %" s silB At s rhi g amE, sl rx—ss, HRPERs LMt S MEC #1455, ZHANG 4417
AR IIIR A A MFC,  FERRIE T2 FUBE I B S R L Al L, ARAEmIRER = B BT
FPHA TSR R P S TR A TR AL, SRR DO BARA F T AR = A o RIS R i A 75 Ek
iR d DO, pH SHEAESAMT, BAER . J A U S il A B 70 G S A X L 4 AR IO S0 2 1 [ it
ZHANG ZUS Rt BHM S il b MPC AT, FERARAS A=A 0Y NO, /NO, liid AEM iFR IR A S %=
HHEA TR . BTN AT S AL A B AR A AR S B SRS AL U MFC, #8597 DL AEM ARy BRfs Y
MFC(AEM-MFC) F1L\ CEM {1 R4 B i MFC(CEM-MEC) B B PEfE, 255201 4B NH,-N £
200 mg'L' i, AEM-MFC HF5% 66 h HIA] 58 2B SR, MR T, CEM-MFC 7% 26 d A HEiAE]
AR B AU o AR PR R A b MFC HoAA RAFIIBEARCR , (Bl AEM BBHRMRIEA, BHRE
NH, e R, e eeit— b,

HETE MFC 1B BH 238 5 AR B 5 KRR . BB AR MFC bR A—FsK, £
(RIS A NS AR AR S N i ol sl AR St A TR N T B AR, A AOXT DO HEA TR, Sl 1A T e R
e SCERA AL 5 R AL, BRAEE 2R, W BHRRBLAUE MEC B % 5 B % 0 PR s R AEM, i T
AEM Xt PR F B BHRRAE A, FEAR 2= i) NH, TCE A 2 A 50 kbr . Wik, RFFRMWE T —F CEM 5
AEM ZZHESIIY FC-MFC, #AERT A HICH AN R N SRR it P % 5 I = Z B CEM 5
AEM 173885000, TR ZER T B iR, A I = i WU A AR 23R . ek
AFBHMR % COD(P1, P2, P3 il P4 4342 500, 700, 900 Al 1 100 mg-L™"), WEANFBKBMEALL, HITA
[ABH# COD X} FC-MFC 154 bk S st Resznm . IELL P4 TH kM, 434 FC-MFC A LRz,

1 MRS EE
1.1 FC-MFC Rttt

FC-MFC i 2 AW ES 2 MBS FEAR eI, FealARN B, RN
% 5 E LA E A G R T . BT SNRRT, AL T H0P AL B % 5 5 7 Ik % 2 ) 2
CEM, {7 TIPS 5 5 e A I BER 2 2 A2 AEM, FEAR S TP IHEAR U 73 31 26 1 BEAR =
551 BINGEE L SR 2 PHRCEFNAS 2 B EE . R LR HEMIE 4 DRz, BsanE 1 FosisNe
BB FC-MFC,,

PHAR = AR = AN T, MR P . RO T A7 A e Ll . S i fLiE 5/
W2 LA, ARSI S AR LE N 8 mm, FEAFLIER TN 2 mm. BHARZE FIBIAL 2 042 TAE
AT 4 500 mL, CEM H1 AEM RSN 42 cm(6 cmx7 em). FHBANFAM b 25 Bl , i <y
5 cmx6 cmx3 mm. HLMAHARZCETEA 1~ CEM 1 AEM FOW], AHARAIEEGE T EEE 1000 Q HIFNTHFHIE
WA, FERL 4 4 MFC Bt MFC1, MFC2, MFC3 Fll MFC4., 4N H %41 il ~7 B 3% 2
A~ MFC fe ity 1 ANMYMBEE PG I RSN, IS DO il s s HE Ty, 54l
DO 7£ (5.5+0.5) mg-L™" o FEBHAR Z IR 2= B A it i ik LAk Se i . irfs SEIR3sFE (25+1) C =
o i
1.2 SEWHE

TS R R R B SR A, SIS = Ik 30 mL SASIEISTRAT 30 mL [ FERSILI5 VR4 A SR
ER P TRl . PR RO S &R K, IR R RRRIRCR & TOHLER G AT . FAARR 22y
R 0.1 gKCL, 0.5 gNaCl, 0.015 g CaCl,, 0.02 gMgCl,-6H,0. 14.15 gK,HPO,-3H,0. 5.166 g
KH,PO,. 1 mL R ICEAM 1 mL 4i R0, BRib2 A, BHBH R & 0.4684 g- L' CH,,O,(COD K
500 mg-L™"), 0.3824 g-L"' NH,CI(EA N 100 mg-L™"), FAMAEMR T A 1 gL' NaHCO,, 4FH i 14
MFC LT 50 mV I BIAGE F= i A o, IO s SR RRAM L, e /D82 3 47 Ha BT Ha b
YIRERBIAI LT (FH2ZE AT 5%) B, IAh FC-MFC JE 3.

FC-MFC {IJE shasciiorh 2 ABrBe: 55 1 BB, o CH,,0, B (HIsZE ON ),
4~ COD 7KF-: 500(P1). 700(P2). 900(P3) #I 1 100 mg-L'(P4), FHZF 1 IR T, Szt 1 ANEIA
AEYRERNZ TOL, FRESENEI 1 A BIRR = AR = iP5 e pH 7281k, 858 R 50 itERE. 2
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Fig. 1 Schematic diagram of FC-MFC

2 BB, RS 1 BB, DL P4 TOURBI, #R9E FC-MFC A LR MEH i 5Tk g
1.3 MEmMBESAZ®

HHHLTREE RS (DAS, PISO-813, Hi&iELME) £k 1 min H Zhid#k—IK MFCi(i=1. 2. 3. 4) fibd
WL . DR i e AE AR I B R P AR L BH I, i s P O R D 30 28 B ) 1 1S BR A P
AU, W E )% B I 2T A5 MFCi B RIPR . i = (1) #7110 D3 Bl =l (2)
T

Ii=— (1)

K 150508 MECE SNBSS R, mA; U, 70008 MFCi fibdaihfa i, mV; R, 235108 MFCi 5
BeHNERHLRE, Q.
Ul
p= Y @)
K P, 3o MFCi fHU B YIR%EE , mW-m?s U, 7331 MFCi B8 i i %, Vi 1 2351 MFCi 4b
R EAE T AL, mA; A HBOSIER AR, m?,

JEARRIR (coulombic efficiency, CE) NENLHIHE T SAEVYIMRREIRILN R T2 b, BRI 1 R, 5
4= MFC A, DL FC-MFC HgEs 1 FEIRE M, 45 1 IR E T ReE A A +—5 o
Wi R, —#BoEA R, HULEEGZETTH CE #:X (3) 115, ARGk fEraeaiHims= @) 115, M
WEBEIEFERBE DA (5) 115

Meop ([ohdr+ [ L) 5
FbV,ACOD
K. O NEARRCE, %; Meop NHET O, 1Y COD FBE/RFR, 32 g'mol s ¢ AP=HiElM, s; 1, iy MFC1 4b
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Cmol™'s b NEEER O, I TRERE, W 4; V,, WE 1 BIEARCEH, m'; ACOD A% 1 [
== COD HYZEfERE, gm™,
_ JLUlde
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Arbe wohRGAL R T, KI; Uoyiibdm e, Vi R e, A ¢ e
M, s

P\ AT
Wae = l 1 tae (5)

pP,\1
3.6x2.73x10%(1— 1)p0[(P—2) - 1]Qg

1

Kb w,, AR EBRSIHFERRER, KI; P WPRER SR, 101325 Pa; P, HXWLARET], Pa; TR
TR, 298 K A MBEHEL, W 1.4; ¢ MERWIECE, B 0.8; p, MERHERM T EEE, 1.29 kgm™;
O, MU, mols™'; ¢, NEEUNTE], s,

A RIUK SRR IR CRAE R YEM AT 7E ) (55 4 MO KR, RGO LSRN pH .
2 #R5irS

2.1 PA#R COD %} FC-MFC B COD XFRZRFnAZr M4 RERTSZN0
PIANIE] COD M8 &K BRIt FC-MFC % RN 2 s, P1, P2, P3 Fl P4 B F=H,
JEIRAI MFC BB B L R AEE 25 5%, 76 P1. P2, P3 f1 P4 T F, FC-MFC FY7=HL BRI 103 .
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Fig. 2 Voltage outputs of each MFC module in FC-MFC at different anode COD
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128, 162 F1 189 h; MFCI Hyfenkin U EARIK 321, 317, 442 F1 526 mV; MFC2 [kt B RAR I
325, 318. 436 1 525 mV; MFC3 (i i LAY 304, 314, 603 Fl1 619 mV; MFC4 (15 =i i
BRI R 313, 316, 603 #1619 mV, Kk MFC1, MFC2, MFC3 Fll MFC4 Rl e e =, {2
PHAR% % 55 B 35 A 1 L i T 2550 T S 4% MFC1, MFC2., MFC3HI1 MFC4 #4718, MFC1, MFC2,
MFC3 1 MFC4 {14 BH % H b L 34 I AR B 22 5, B e Xk BRI A H A e 3B A il o S FH 20 1 B E Y
MFC1 Fl MFC2 Bk B bl 3B AR— 2, AL FAE 2 B E ) MFC3 Fl MFC4 19 B AR H b F A AR —
., XS MFC1 F1 MFC2 ()4 th B Fe i BE AR AL, 1 MFC3 Fil MFC4 9 %t H R & AL, ]
(MFC1., MFC2) 5 (MFC3., MFC4) Z[A| XAFfEE 25, XATReh 2 DB E P i AEIRE R A T —
25

AL, FEEBH COD ByFh&E, F=HEIH 54 MFC B e i = 2 LIS, R aE 2
COD (P R S P T R FH A v BN, [RIERH el SR = A DR AR A S B, TR XIS
YIRS, XFF P3 Ml P4 100, 4% MFC &b s R 1T 3 NvBE: sEm] . EFHRESEW . 44
BRI FEENRHUAT 2 5 BE5E, AR, Y IR A TE RS IR SR I 2 X 7 B PR e P A — o A
F L TR R AL A R 42 M, AU T LA REAG R BAR R g, Bl RatisfT, TB %
FHAR 2 RS R ER T TR R RAAR,  FEAR AR 7= A A L RER A OBl A% s 2= A, IIE RS R 2 T
P Hk, TERNPIY, TEMEZEER TR R E P KR R I 2 P I E, bR 23
O,°", BAMARIL O, fE N T2 IR R RE 1 2232 2], SEGT = sl bERZ 21l . LR WIE R, P1,
P2 T BHRRJIR YT i eI, i+ PR b TR e R B3 P 2o 1 P3 . P4 T T FH
R SR R R, B P1. P2 BP0 F R AR, 5 300 R A 70 Je 0 IS0 o s e 38 AT B A
O, HZHTr=r, Wik, HH Ry Ty . EHARR ) 3 BB

AT DA BSOS T Pl ERE, B TS R AR R RS A . WK 3 R, PL AT P2 FAYTTiG
HLHRHZIT, 7E 623~690 mV., P3 Fil P4 FAYFFESHL AT, 7E 810~848 mV Z[H], 7£ P1, P2, P3 Fll P4 T.
DR, MFC1 BEHUR KT RB 4 44.08 ., 47.20, 76.28 F 112.23 mW-m; MFC2 YU KI5 i
530k 65.03. 72.00, 77.36 F1 118.01 mW-m*; MFC3 LR KIIHE /3510 68.27. 70.94, 74.60 il
103.47 mW-m*; MFC4 B KI5 33.33 . 36.40, 89.47 #1121.00 mW m >,

B b, FEHES MFC A bk A i ik B 3 DIAE OGN, 78 FC-MFC X MR, O, J&7ER]
WAL A R ) B T2, B b AT RS A s 2 5 IR 25 O, M2 FIAR Fa il 32 A,

COD 1E R EZMIA IR, AE T H R A AR A 35 VA Fr ki s (P1) B FF i JE (P3)
S [22] FrkThERmE R (Pl)  ERORIIREE (P3)

TR FCHEE. . ‘ BR JFghaE(P2) R FEAHUE(PA)
— R, DR H R A R R 21 ST (P2) ) T (P4)
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whHEe =T AN e B 2R
bR, Rl —T00 T 4 4~ MFC B RT3, Fig. 3 Open circuit voltages and maximum power densities of
AR, XRHAEILHHAARA 4 4~ MFC 5% each MFC module at different anode COD
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Bz fa], ARMECRUERTA FUBR IV 2 18] A A ) AR A B 55 | IBE-3K 0 5 AR 56-COD e
TS A, e H A R 2 B ELBLERE K > SRBE CODAEE
AHABIEAR, PRI 4 4~ MFC b2 [a] 22 2 W2 -tk - 2R PR
TEYFUR AT BESRY ;2 - 10
£ P1 T.% & COD i /K4 F 65.80~76.83 1;22 05
mg-L', P2, P3 F1 P4 Hy COD Hi/Km&w, wf 900 5 %
RERARE TR R E e, Wi, e D / 0 3
HAEHRIN /K COD BT THE T (51.61~63.99 2 (o i " E
meL ). I 4TI, BT COD MTHEE, Wil 5 sl g g 2
% CODEMRHILIENT [T, ik 4o LI ool g o ¥
o TPEARACR I TR - FH R3S |l -
BN 5 1 2 o R LB . 2 P oo B é
P2 BBt FC-MFC (ki tH H AR, P3. P4 BrEX o RN ERUN i N
() AR, B BB COD g FHsr, AHELE COD/TN
PR RIE AT A L i, SEZ2 A9 COD Bk E4 FEHOKBELT COD AMERAE NS
PRSI, UL, PRERCR A BT R Fig. 4 COD removal and coulomb efficiencies at different
F. THARTEIE 2, P3 MYERAy%HT H e I B it carbon-nitrogen ratios

T P2, P3 By HESINFIHAYY AR R ar RS T P2, Kb, PRRRCRRINA T ET . PRSI
R L R A OCE AR, HAR A2 RN SR ALE JE T TORGH AR R, AR AR ndstl . SR
k) SRR ARG SR E I, b, RACRICRACT ARG, SR PR AR S A s 1y A
TR AR B AT

2.2 [E#k COD Xt FC-MFC R340

7E MFC 1, fITBHES T (Na*, NH, . K", Ca®"fl Mg®") AR BE B 2 110 10° 135, AR+
Gb, HEFZWIHE 705 R aiE i s, soh, FFrEI R N IEEE, BRI LAAMNY BB Tz
SECT AN E T pH AEEANFT MFC PERERY RIE7 . KUNTKE 2528 JF % 7 —Fh Al LA AR = A A i s
AH MFC, ZA M AT ER, 765 pH &M NI E b NH, 50 #5 k M2 . FENG %™ fil
ZHANG %5 M) AEM-MFC, WUESE T PR 2 P IR E: v LIRS 2 B =81 7 ik . X fif5 FC-
MFC i Btk = Z J G0 2S5 P B S TR RN, WSfbr= NO, /NO, R Zm Jy v Pt = i 7
FAHAERS R AT R

A[F COD KR, FC-MFC ISR A . HIE S alAl, [Fl—a20 P1 BB RIS AR R s
=T P2, P3 FI P4, [ R AT RESE SN #is A TR I & S 09 F R A A i = ek, B = A A D
2,5 TP I E PR AR, SR TR A L I A . S eI
— O BANEREEEEY 1000 Q B, NH, AERS EE0H N T BEORSh A AR, RS ANt %) B AT DA £
BRI — R, XA AEIR DR AN BE B AR F:8 FC-MFC A TR HIR S, RN B E a0 B 7
B PEA 2 A S R 2 b T KRR, PRIe ik 22 5 e o . PRI ISS RS, 7€ P1. P2, P3 All
P4 THF, 25 1 BB ZEAY TN HK R /000 (20.03+3.59) ., (9.60+0.27). (5.60+0.16) il (3.71x0.42)
mg-L'; 55 1 BAME AY TN K BRI BE 20 )k (12.92£2.11), (6.97£0.53), (4.78+0.75) Fl (3.17+0.14)
mg- L' 55 2 B89 TN K Bk BE 20 0ok (14.314£2.84) . (9.62+0.30). (5.70+0.86) Fll (2.64+0.29)
mg L' 55 2 BB TN K B ik 3 9k (14.27+3.31), (7.18+0.64). (3.84+0.28) Fil (2.80+0.14)
mg-L™",

FAEBLEES B T IR AT H%E MFC 7= H B 5 Yo RBRCR AR, Bl A LT, NH,f TN 2%
B EIHE TR, CYBRA L 7T, NH, R TN B9 5 B8 R R (22.21+1.2)% Fl (22.18+1.3)%.
MiBEE BEK COD ByHhn (RIBEKBRE LAY THES), FC-MFC fr=e JAIAE K., P gbont, i hiaE s
FI 28 AR RER AU K e BRI, FIMR 2 TN LRl ik 96% LA b, RNz Ay TN 5%84
HILF 4 mg' L™ XEM T FC-MFC X C/N His/K ARG ffer, X&F R CEM 5 AEM fFH
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Fig. 5 The Changes in electrolyte nitrogen concentration and pH in FC-MFC electrode chambers at different anode COD
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Simultaneous nitrogen and carbon removal and electricity generation in four-
chamber microbial fuel cell
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Abstract The microbial fuel cel(MFC) has been demonstrated to be a promising method for nitrogen removal.
However, in traditional MFC, the anode and cathode chambers utilize distinct wastewater components as
substrates, requiring intricate processes, such as effluent allocation or stopping aeration, to achieve nitrogen
removal. Here, we show the concept of simultaneous nitrification and denitrification that occurs in separate
anode and cathode chambers rather than in the same cathode chamber. Cathodic nitrification coupled to anode
denitrification for nitrogen removal was achieved in a four-chamber microbial fuel cel(FC-MFC). This system
employed cation exchange and anion exchange membranes to alternate between anode and cathode chambers.
This promoted the directional migration of ions under concentration gradients, which facilitated the concurrent
removal of organic matter and ammonia in the anode chamber. The impact of anode COD on MFC power
generation and pollutant removal efficiency was investigated and the nitrogen removal pathway of this FC-MFC
system was examined. The results showed that the power generation cycles, peak output voltages and maximum
power densities of each MFC module increased with the increase of anode COD, along with the increased
removal rates of COD and TN in the anode chamber. Notably, this system demonstrated an excellent resilience
to high carbon-nitrogen ratio wastewater. When the influent COD and NH,"-N concentrations were 1100 mg-L™'
and 100 mg-L™", respectively, the peak output voltages were 526~619 mV and maximum power densities were
103.47~121.00 mW-m 2 for four MFC modules, the COD and TN removal rates in the anode chamber were over
94% and 96%, respectively. Nitrogen removal pathway analysis revealed that microbial adsorption and
metabolism in the anode chamber, endogenous denitrification in the cathode chamber, and the AEM-mediated
denitrification process in the post-order anode chamber contributed 25.96%~25.97%, 0.91%~5.18%, and
68.87%~73.20% to nitrogen removal, respectively.

Keywords anode denitrification; cathode nitrification; cation exchange membrane; anion exchange
membrane; anode COD; microbial fuel cell
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