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Research advances on the application of nitrogen removal from
wastewater via Feammox
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Abstract Feammox is a new autotrophic biological nitrogen removal technology with cheap and
easily iron as microbial electron donor, that is, the coupling process of Fe(Ill) reduction and
anaerobic ammoxidation, which has the advantages of low cost, no need organic carbon source, low
sludge yield and no greenhouse gas production, it is a potential nitrogen removal way for wastewater
treatment. In this paper, the mechanism of Feammox, the species and characteristics of functional
strains and the effect of electron shuttle on it are introduced. The nitrogen removal effect of
Feammox in the sewage and its coupling technology with anammox, nitrate dependent ferrous
oxidation and bioelectrochemical systems are summarized. It is pointed out that the current
application of Feammox and the future research direction and focus of this technology may be
bacteria separation and purification and process parameter control.

Keywords electron shuttle, bioelectrochemical system, coupling mechanism, application.
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7. B ALAE F (NH; —>NO;/NO; ) & TR R 48 R 8 i dee) 2 09— Fh 7 ik, SR, SR ARVE T 75 248 S0
FRaiim AR SO, BERE A TS /KAR BT R R BRI IN AR, 240k, AL — B 2 A PR R
SHME—EE R, B E R E A H 4k (anaerobic ammonium oxidation, Anammox) fJ & 3. RE A& (b th-2 H
SRS AE I R — SR AR, WX (1), H A 2 — 2 1 R SORTE BT 75 19 NOy, HIR A& A 1k
P (AnAOB) 534 B [H] < (29 11 d) FOG PR B R0sR ] 24 7 I TR I B 6T DU iF AnAOB i B AR r
WA AR5 2R ¢ Fil Fe-S AR T AYA B, HUARTE M 010 42 PR v i A7 76 1Y B 52 R0, R it e
TIREREAS Fe( ) iR A4 1Y 5 b, B2k %4k (Fe( 1) reduction coupled to anaerobic ammonium
oxidation, Feammox) ¥, H7F s 5l 4 31 B8 2 AL WA U0 A TR s Y AR RS U2 ER A A A
PR A ATE R K AL B R v, BB AR Bl AR RN B FR R AT, 3R] DA S R RS MRS AR N 1 N
15 VAL FHAH OC 1) 2 FHY, J&— B R 60757 BB Y 78 A 1 o U i

H i ¢ TR SR 2R R C A i 1B, P ) & 90T 1 b 4 BESE A EE vh U1, R 2 T4k 2
AN AE SR S BGRB8 . AR SR ) T A R X Ak SR A TR T KIS AR
AR T AL ST RSERNA KRR S T AR R AR RS R, A T R e TS KA R
49 58 ZR AR B H 5 DR AU AR A L i R ER AR 8 K R AL AR W B b 22 RS BOR, T4 1 B ek
AL IO IR R R 2 AR AR R B F 5 7 1) PV A ] BB TR 4 B 2k . T 280, DU R AR 157K
Ab BT IS 1) TR RIASE IO, FH B A L i

1 #&FE YL (Mechanism of Feammox)
11 BRI

@ AR —F A 00 B FRAE YR RS R, BDFE IR S A5, 838 JE B (Tron-reducing bacteria,
IRB) L) Fe( D) /F 2 B T 3244, #F NH; 8 AL A N, NO; AT NO; 1 #2U4, IL W 3 (2)—(4) A 1. Bt
J1% 41, Feammox ¥ 5 F NH, 8460 N,. A B 58 K AU, Feammox N ELH2 7 A B9 N, o HAEE AN
B FEHIY 67.0%—93.2%.

NH; + 1.32NO; +0.13H" — 1.02N, + 0.26NO; +2.03H,0 (D
3Fe(OH); + SH* + NH] — 3Fe’* +9H,0+0.5N,  AG = —245kJ-mol ™' (2)
6Fe(OH); + 10H* + NH; — 6Fe*" + 16H,0+NO;  AG = -164kJ-mol ™' (3
8Fe(OH); + 14H* + NH; — 8Fe’* +21H,0+NO;  AG = -207 kJ-mol ™' (4

ATk
Soluble iron
Fe’” Fez+
N,
NO; Fe’*
NO; TSR
* /| Insoluble iron

NH}

F62+

1 BREEA LR R
Fig.1 Schematic diagram of reaction mechanism of Feammox
PR AL TR o A L R NH TR REIE Fe( D iR Ji, MIX — i # vh 3R MR AR £, & 14 i) o
B — 2R, HAS BT b2 — S e B 3l 2 S Ak B9 6308 I TR ) 8k 38 IR TR L 46 Shewanella futrefaciens
Geobacter metallireducens. Geothrix fermentans. Desulfobulbus propionieus 5 Rhodoferax ferrire-
dueens 55, HRIC. 5E L T Geobacter F1 Shewanella PR B B9 4 FE )P, 5 AnAOB #H Lb, #kid Ji
HA W WEARES) . &R 2k B Z AT T A AR S e, HG8 S5 gk i VE F R BRADH5 LR 3 Fhen,
(1) B JoUT B 5k g S A W e fiks (2) RO U S P A ) £ B e LT 23 0 A LA M5 0, 2
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Fo LA A, DT SRR )3 SR B s (3) 1 B T 28 B IR 1 R S B [ B 200 0 53 D6 11 L T 2R AR AR
J2 JA) B PR 05 v ) F - 2R AR A, T I B A AL S R AT R AR SR 1987 4, Lovley 552 B IR 43 B
Geobacter metallireducens GS-15, 1% & f&=— F B A A IR D R 1Y 4618, BB £ 1R & TR A1 i — A b ik,
[R B T e T2 Fe( D) S8 AL W38 IR i G 2R 0 (Fe30,) . 2015 4, Huang 462 3 1 43 25 4lifb ) — AR AR
EAL T RE W R 1 ——Acidimicrobiaceae sp.A6 1 (A6 T8 ), I H1E 1% S2 3 J8 [ b #3247 180 d J7 & X,
L A6 T R AR I IR AR R B 3% S0 s DL 3. Yao 4582 FI ) qPCR $ AR &k SRR 1 & F} (A cidimicro-
biaceae) . Hi¥T 1 J& ( Geobacteraceae spp.) Fl iy FL I 15 J& (Shewanella spp.) B =F BE 3 &, I H 23X 3 F
PSR SRR e A R 2 AR . 3 A 5 gk AR AR S B ) T R A AR DL 1
F 1 REA RN AR SRR ) = Fh & 1 RRAE

Table 1 Characteristics of three genera of bacteria with strong relevance to Feammox reaction

R AL FHIE SCHR
Feammox bacteria Characteristics References
DA IS TPl R AR IR (U 2 ek . 2055 SR FIMAZERE B A KA. B o/ My
Geobacteraceae ANRT" 5 LIHFHEGA, Bf5 =R BRIGFOK I8 2 CO,, Al #8277 4 1 L F 1675 Bt [19, 25]
HFHATY AR,
Shewanella AT AR FH 20 WL B SRR IR 352 B - HER DA ZiEr B B 20 A, 2 —Fh et DR AU [26]
o . AL R PH MR, S — PR T YR B Bk (R AcidimicrobiaceaeF) ), PSS ATCC, PTA -
Acidimicrobiaceae | 408 A). HIHISNE FHPAR, K(1.543) pm, 550.5 pum, JEME—— R FIFeC T AE K T2 ik [23.27]

SPACTE N N, .

HARPAR R |2 A T IR ETH A SN A8 2Y A A FREE R JR HCO | KRG 102 rh (H H ATHE 4
glifb 138 b, RIS R ISR E 2815 e il T IRB A TG, X5 K, IRB BHE T
FE H AR B RS (a0 - 398) A= A7 0o,

1.2 BT RN Feammox 11521

HFZERIAE — 2T A AR RN 3 T B N F Y R SRR, T AR A AS
RE L2 05 3 SRR R, DR G 5 L Bl AT 1 ) AN H - ZE AR AR Ry H P 28R 52 B Fe (T ) )38 Ji (IR
B, H 2R M AR mT s fd 2 4 1) 20 B AR SRR A T %) PR A i, R A D R DR GNP R IR s 114 A i o
MEES 535, T ZERIRN Feammox i3 #2 A9 4 i/ FH 2 ZEAE A7 1T — 2 I ARG B, BRIV fin s 2k
SEAL 38 S it e AR T A=, 2 B e 0 AR 28, sl i B

JEBEJTT . BERLJT  AE W R AR SR DL I T g AR, A T A AR L TR T, T Ll A 4
IINER S AR A TR 55 AN M SRR =2 T ) B AR Ak 2 SR A Y B ). Guan AR R ZLREARTT A
TN S8 05 A0 65 5 5 P R AL A 4 (9,10- BR-2-8 1R, AQDS), & Bk 2 S8 Ak 1 7= S 354G $2 =i, 43 4
T 31%. 56% F10.21 mg-kg 'd "N, 0.25 mg-kg 'd 'N. Yang 2557 B H [ K& i 55 Y ab B 1935 08 (&
BRANR B BB ) VR RS U8, X B (TEEs i) . KN Fe,05 4. AQDS Fl Fe,O5 #R 7S INZH A4 i &%
435 M 46.0%. 64.3% F1 82.6%. AQDS 1€ ¥ T NH;Hl Fe,05 2 [A] B 1 T 56 8%, 42755 7 i A 50K, B
AQDS TEA RS Ve 345 th 4 BE AN HR A 25 . 4, Zhou 25059 K IRER AN AQDS FlA:= W) /7% AE 1 35 il ik ik
JRPE A= K. IRB J&—Fp R A A SR 1R, L H e S A 560 LL I, IRB 484k NH, B BUR IR &, R
S8 NG S RS, I H P S AR A I A RBAIE 1 ik — 3 A, AT 8 e Ak 2 S A T K A BB .

2 SRE R ALTEE KA B B N B 5T B 77 5] BB (Research on the application and problems of
Feammox in nitrogen removal from Wastewater)

PR EAANE g — TR B R LE W R B R 32 B2 3 T2 G, WAk 2. NE A RS AT LA
(D FEWFFE Feammox it U BE 71 B R FHAS [ #2 R 5 e A& % 7K (50—100 mg-L'NH;) , R A W% L%
i 1 BEIA B 80%, 1HIF R WAL AL S A, I E R L BRFTFA G oAb, MR SR 4T T Bk &8 1k
SEBRTE KBRS, 2 gk U Ak P AT T S B A 3 VK b 3, Sy gk U Ak Y S B AR R T AR
(2)FeC ) 45 m 3 il 22 S 3K, (EARSE s i =X (2)—(4) Fe( Tl /NH;HBE R LU AE 3—8 Z ], K2 WF5%
WAF G I B, A1 T 7 Pl 2 5 ) S R 8, 3l s W 28 2 5 R s e i Ak R (3) A AN [ i 28 24 1Y
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Fe(lll) (Ui 48k . FeCly, P RKEKH™ . Fe O3, BEELH 55 ) i T Feammox, iX ] LA P LU RE H B R 25
CERIR, S AR F T 29 AR, (4) W3 FEAHRAE 2 IR S, pH B TR0 5 Je i AS W) i A BT A TR, —
MEAE 6.5—7.5 Z (8], ] A\ It 2 4 2 48U Ak PR T “EL I AR A7V L. A IO SR B, A i BREE (pH=T7) v,
Feammox 1.5 20 25 B it 5 R 0 2 A1 2 A% g e D HH BAE pHL o 6.5 . (S) (BRI B 2 : 8 kg
AR 2 TR A SR — Rl 177k

®2 ETRRAEMR LTS KB AT SR

Table 2 Research results of nitrogen removal based on Feammox in real sewage

. SURFYL NN . AR N
sy A B R I BERR ik
. Effective . H Nitrogen removal
Environments Inoculation sludge Substrates Temperature References
volume effects
~ 5 mmol NH} . 10 mmol AR:80%
= = e < =l Nt 4 . 0~
IREUHAL R A% 0.7 RAEHALTS Fe(Tl)-EDTA 35 6.7—7.8 TNR:71.8% [8]
SR E Al IR 75 mg-L™ NHj
I3 .
HE IR N A 3 bk AL B T 300 mg L "Fe( ) 2543 45—5 AR:41.49% [41]
PR AL ITR: 100 mg-L"'NH | AR:80%
Wonl 3] ’
PR A 0.5 R 20 mg-L " Fe( 1) 32+2 6.5 TNR:71.8% (42]
SN 50 mg-L™'NH} |
ASBR 4 TEVETS e 30 mg-LFe( M) 3241 7.4—7.6 AR:53.8% [43]
WavEE R MK BE 60 mg-L"'NH;
REBR 9 [ 52 £k — - 573.2 mg'L 'Fe(1l) 25 4.5 AR: 53.8% [44]
AT — — 10 mmol P /KR 2025 — AR:53.6 [11]
i
I 8 6 BE%“H%% WIS 20 mg L 'NHY, 10 g4k ogey — AR:25.0%£73%  [45]
Fe,0;(Hi#) . Fe;0,.
s Fe(OH); (i 14) | #rlsiindk
UASB 0.25 g FeOM VR Frismaek 6.8—7.2 AR: 53% [46]

CBIAR) AR, & it

2 mmol-L™'

#: AR: ammonium removal rateZ & %, TNR: Total nitrogen removal rate & & R,

BRE AR H TR AR RN T 52 Brim K b B eh, AT DA el e fd e (1) BRTE 705
132 2l Feammox IAHL /D, Wik = 45 W9 AR W) VE FIMLBR R BIESE, H A& BLEY 2 Bk S LT g
F) A6 T Y 1 GE R 3 LU A A 20 o R S A AL AT B 18, B — ARG I R (22 6—8d), 23 B LR 77
FASEN, PR Feammox AILFE K H DI RE A L EEAR SR R, A 35 15 /K IR T ) Feammox & 1Y 73 25 4li 1k
FE Tk (2) Feammox FRAR AT LA i M 0258 A2 L 07 AR 38 AR X 5 I (AR DAL A oy 32) 12, il 2
15 Feammox 1Y U401 2% TURR 38 LA K45 1 H 7 W e 720 Ry U 7 W) S o 1 — 2B F 5. (3) Feammox i 24N
Ko Fe( ), 238 hinys /K Ab B slA H A HpE pH 35 Hh A V5 0 A0 R IXURS: , e ke fe S -4k — R i
B IR T AR B SR ).

3 BAFKNBEBRE T L (Feammox coupling nitrogen removal process)
3.1 #HRAEAS Anammox fi &

BRAE AR Z E A D R R R, V72225 N & ZE S eI B A Park 5519 fEH A IR AT
e AT R A AL YL T & Bt NH;-N A8 25 B%, D)2 Feammox 5 Anammox fY3E[RIfER. Li 44
7 F2 7 24 Anammox BURE 15 U2 (9 K2 17 &% Hh R0 Fe(II ), & UGIEW] T R & A ALtk R h A 24
Feammox % Ji7, 71 H. N, 7] f Feammox ¥ NH: % fk & NO;, K5 NO; 5 NH;#4T Anammox 7=/, {HH
TR AR Feammox B2/ <. IXESE T Feammox I Anammox WA & (97 470 DL ke — & #E5 hE
e K ih AR 10 S B, WIET 2. R A i ik 5E o TS 7R ASBR J IV a4 Hh A7 7E 22 S L P
[A)/E F (Feammox. Anammox I NDFO %) 3 #4 il H: Feammox ﬁi/% , H Feammox 55 Anammox [ %% 77
k200 57.7%. 42.3%, {E%F T NDFO (9 5TRkE 4 A B, A5 et — 2% 5%
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2 Feammox. Anammox 1 NDFO Z [a] &k AL ig it

Fig.2 Transformation pathway of iron and nitrogen in Feammox., Anammox and NDFO process.

3.2 HAESAS NDFO #iG

il 152 h 4 i A4 IV 2% 801k (N O, -dependent Fe( 11 ) oxidation, NDFO) 4§ NDFO [ g 78 K & 4% o A
Fe( Il ) $2 ikl 1K NO; 5k NOsik JF A B E W 2, WL =X (5) Fi(6) = NDFO i HA & F 24
P, BEAT SRR Re i A SR A, IR AT [RALA DL E 597 2R K, B TR R AR 138 I 7= 400 4
iR £R 38 J5L =9 > NH;Fl NO B, NDFO B £ %8 5 3% MR 77 A48 15 7 24 A R £k 38 I 7= ) NO; Hil N, i,
| NDFO B £ %5 H 77 FIiR F7 4 KB, Straub %59 1 1996 4F 17 K435 1 3 ¥k NDFO I, 1% H RE7E KA
BT P TR A AL R LR AR [ 2 CO, AA BRI fe A AL i aE =, WX (7).

#£ NDFO i #2H1, NO; iJ 3 . NO; 8 3 R i Ak AE B, b Fe( 1) &b il Fe( ) # it 2L i H 152
AR, DT A2 2E 1 28 SR 1T, NDFO 1 Feammox 4= 9975 22 bt pH A PR5E A4 B P45 55 19 I 280000 1,
{HAE h ¥ pH K 3 85, Fe?'/Fe™ s A iUk Ak & W) U0 TE (Fe(OH), #1 Fe(OH); Y %5 B2 A 43 Jill o 4.87x
1077, 2.64x107). [FII, FEFELLIR NN Fe' (5 Fe?') LLSE B NHE-N(Z NO;-N) b it f2 v, & s i
WAk ] {5, S 308 NDFO( 5 Feammox ) J52 I3 #5#E DL K 30158 52 i 4757, 1 — i) Rt 23 BR 1 A S 33k 4
BRI 7K A R A 8 1 R

2NO; + 10Fe* +24H,0 — 10Fe(OH); + N, + 18H* AG = —472.72kJ -mol™ 5

2NO; +6Fe* + 14H,0 — 6Fe(OH); + N, + I0H*  AG = —441.55kJ-mol ™’ (6

10FeCO, + 2NO; + 24H,0 2 6Ee (OH), + N, + 10HCO; + 8H* €

NDFO 5 Feammox T. 25 (Y #5G 4 b 3A [n] U4 1L 1 fif o S8 B% , NDFO i 78 77 A2 19 Fe (Il ) /]
Feammox 1 NH %8 fb i 2 Y HL 324K, Feammox i #2742 Fe( Il ) /> NDFO 1 NOj ik o F2 (14 Fy
TFHEAAR, D) AT SR B - A A PR P A A B2 A A5 i I o R X6 Ak 8 - i SR i, i T e k. A RIS
R, FERE AT Fe( 1) BEANE A HLAK 1 S L F 4 B Feammox 7 4= 1Y) NO; I NO; 1L
Fe(1ll). X E#RE Fe(IIDTRA T HEFES S Feammox [ W 5 (Fe( ll ) —Fe( 11 ))ifid NDFO 4= (Fe( 11 )—
Fe(Ill)), i )5 #47 F —4%& Feammox LA S i £ B & Ak T 2 AU FR A A, B Fe( D) /Fe( 11 ) 734 LAt
16570 B9 I 23K 3 NH;-N Fl NO;-N 1 [m] i 5% 4k, G A& 2 BR 3 AT 38 90.1%°. Li 55 B2 452 Fofr 1l 24 119
Feammox 757, LA &4 Fe(lll ) . NH; . NO;&54Y) it i & WK K 7K, %%¢ T Feammox 5 NDFO fij Bk
MR ATHE, 25 3R W, 7€ NH;-N. NO;-N Al Fe( ) [F] B A2 #E BT, Fe(11D) %4k NH;-N j= A1 Fe( T ) e i
(FHEAL Feammox A4 1Y Fe( I ) MR JEE) 1 2 P AIK, #EN Feammox S 7= A2 (% Fe( 11 ) 5 NO;-N &4 T
75—k NDFO [, Kt Fe( 1) #5460 Fe(T), 2L Fe( 11 ) ¥ B A0/, IR UESE T NH; Al NO; ] 4 22 B
AT PR, Feammox 5 NDFO fUREA JCIe & A 15 L9 BR BT . ke e Ak m) R, 340 i DA i i L
DT AR EA R AP 5

Feammox X v fEEfEE % Anammox ., NDFO, — 3% H: [RI/E IR #E B &, A K i tbig i LIl 2, (HH:
A T8 MR R AL IR i 8 75 i — 2D W 5% . Feammox, SRS A6 AR A2 E A2 H AT 1 =
Foft E 8% 7 R 4 HE PR T R T AL AU A Ny A, R, 20 B B AT TR 15 7K b 3 3R 48 v xh BB K
NH;. NO; Y ok HA H 2 2 L.
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33 BARMMSEY R RGEHRA

AV AR L T A b SO AR S L3 B HT# )2 B, (AR SEBRis A7 )N i3 2l B[]
K H o R, S5 W A AR AR B iR AL B T A REAR R K, M A W b2 A B TS T R
B, T i3 AR vk R U F A A T BB AR AR R A (). AR ) L Ak 2 R 4t ( Bioelectrochemical Systems,
BESs) 4t BB fb 2 i 5 AR YA 3, &2 H 1 —Fh456 1.2, H Feammox 5 BESs & T. 21 fE
FEFNIZ B A SR AL L K AL FHL ) 1/8001),

BESs 1] 1 Ay 52 7K i 2 1) — B 2 A AR 102, 1 g g 2% A AR 45 4 DL 1A 3, B AR = i NOS-N,
NO;-N %5 #1532 R 0] 322 32 A BH AR 7= A 0 7, DTG = AR RS A S50 R = .l is i s (g -+
IBR ) Geobacter Fl Shewanella %) v BALH WL KA, I T F23 BESs R 48 H A9 AR HL AR I,
BP 28 3k 3 A= 1 5 A ) e AR S U 0. Zha ) FEFRGE IR S 4511 T BESs-Feammox 1. 22 i U 7] 477k
BF, B T X AR, BESs 4 (ICE T — XA S50 1, e &) . Fe(lll) 2 ($ i Fe,05) A1 Fe( 1l )-BESs 41
( Feammox 5 BESs B HE &), 45 1 % W] Fe( Il ) -BESs 41 JIi AU AR fe 4, & 25 4% 7 faf (TNRR) 35
(77.74£6.91) g-m>-d"'N; H A7 AR R . Fe(M) 4, TNRR 4 (60.54+4.93) g-m>-d'N. BES 4
(32.62+3.45)g-m>-d"'N) . Xf lB2H (TNRR 1X K (3.49+0.23)g-m>-d 'N). iX &£ % BESs 5 Feammox AY Bk
FHSRAL T R g P R & B9 2B, HE K ] fiE & 7E Feammox-BESs H1, £k B i A AT LA 3 IRB 1 & 2k
= T HAb2APERE, M Feammox X nJ #i 5l FHHL 2 % 1k, Bl Feammox-BESs Fli# A= ¥ i) tp R4 FH 42 i3 T4
R R BRBCR, 76 & B K AR IR izl & T 2 RE SC 9 S R ELAR LA AL

B0t

o

B 3 Feammox 5 BESs #i & M A X bkt

Fig.3 Nitrogen conversion pathway of coupling Feammox and BESs

4 25 (Conclusion)

R SR — R AR SR B S (R ORI B SR AE IR, BT To e OB AIR . 15787 &
AN TR AN LR IR A A, A TR AR A L K B Ak 3. 5 IR AR 2 S A A L, Feammox BAT T ]
i) pH W FHYE L, H IRB A bR A8 20 8 A R B SR I A RE T, T A6 T T35 5 TE TR 1R 5 i i P15 vh
(R EH = A WA TG ) A, TR RANBRIRYE R K, B 2 A T AR AT . BAR
Feammox I I A7 W H T 157K AL BR ), R & & —Fh AR A 1 5t A9 77 : Feammox A7 1] BREUCAL S AR 1 7
2, RUEMAR S8 (R i A 7 7 75 BE R S Feammox TG 77 M8 <; AR, Feammox T 20 W] DATE Gl A A BE T SL 81
NH, 1954k, A2 5 NO; A1 NO; A H T JR 212 17, Q0 nl A% K Feammox -5 HoAth il 28 i) B &0 AR (HE 4
TR AL ) A LS 4. Ak, Bk R A Ak 5 Anammox, NDFO il BESs T. 2528 R R ik T L4545 =3k
BTG S A BE AT DUOAS () 1) 2038 e A 4 ) A7 08 77 459 0 58 58 20 R, 3 ] DLkt — 26 oA
T2 A IR A Cn gk & fe et i S 205 Ve 1655, FTIEAAS T 200 F 0 SR R DAL BT 2 AR

AT PASCHE LT JLAS 7T : (1) AR 11 5 20 2% S 7 356 DR A B4R & Feammox (19 s W LR, DL KT
T8 A D VE LI B 5 DA 0 S A aliAb 30 2 Y DD RE AR ). (2) 5 A R 5% Ak 240 56 1) Feammox
Anammox. NDFO. i fb. 1 BESs %3 F2 2 [A] A9 AH BA/E H OC R RO IR i & vealss . (3) A
T FRA 0 RIE DA S ana] SR A T A R AT 4 GIRLEE L pHL BRI . Fe'/NH Uk B 45 ) (1 45 il 45 2R LA
i — 1Bl Feammox 7F SEBR TR BN FH.



1714 I 1

3

2%

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

L16]

[17]

(18]

[19]

[20]

[21]

S % 3Lk (References)

ZHU G, WANG S, ZHOU L, et al. Ubiquitous anaerobic ammonium oxidation in inland waters of China: An overlooked nitrous oxide
mitigation process [J]. Scientific Reports, 2015, 5: 17306.

TR, MRl =, T, S IREABIOS IR T A LTS R IR S A AL (7). BRI AR, 2009, 28(4) 1 553-557.

ZHANG H G, CHEN D Y, YAN J, et al. Removal effect of organic pollutants in landfill leachate of low ammonium nitrogen by
anammox [J]. Environmental Chemistry, 2009, 28(4): 553-557(in Chinese).

MIAO Y Y, PENG Y Z, ZHANG L, et al. Partial nitrification-anammox (PNA) treating sewage with intermittent aeration mode: Effect
of influent C/N ratios [J]. Chemical Engineering Journal, 2018, 334: 664-672.

FEROUSI C, LINDHOUD S, BAYMANN F, et al. Iron assimilation and utilization in anaerobic ammonium oxidizing bacteria [J].
Current Opinion in Chemical Biology, 2017, 37: 129-136.

L SR, X FLL, 4. 4 Jm T BN IR A AR AL BRI T B AT s (1], #RBE Ak 27, 2017, 36(9) : 2041-2054.
MA Y M, JIANG H C, LIU X H, et al. The effects of metallic elements on anaerobic ammonium Oxidation biochemical process and
operation [J]. Environmental Chemistry, 2017, 36(9): 2041-2054(in Chinese).

Boibi i, BORNL, IR, L AW R A PR ] A MO PRI A2 o r I AT S R R (0] BRBE A2, 2020, 39(3):
774-790.

DUAN HN, LYU H H, WANG F M, et al. Preparation of biochar/iron composite and its application in environmental remediation [J].
Environmental Chemistry, 2020, 39(3): 774-790(in Chinese).

CLEMENT J C, SHRESTHA J, EHRENFELD J G, et al. Ammonium oxidation coupled to dissimilatory reduction of iron under
anaerobic conditions in wetland soils [J]. Soil Biology and Biochemistry, 2005, 37(12): 2323-2328.

SAWAYAMA 8. Possibility of anoxic ferric ammonium oxidation [J]. Journal of Bioscience and Bioengineering, 2006, 101( 1) : 70-
72.

YANG W H, WEBER K A, SILVER W L. Nitrogen loss from soil through anaerobic ammonium oxidation coupled to iron
reduction [J]. Nature Geoscience, 2012, 5(8): 538-541.

YAO Z B, YANG L, SONG N, et al. Effect of organic matter derived from algae and macrophyte on anaerobic ammonium oxidation
coupled to ferric iron reduction in the sediment of a shallow freshwater lake [J]. Environmental Science and Pollution Research
International, 2020, 27(21): 25899-25907.

SHUAI W T, JAFFE P R. Anaerobic ammonium oxidation coupled to iron reduction in constructed wetland mesocosms [J]. Science of
the Total Environment, 2019, 648: 984-992.

DING B J, ZHANG H, LUO W Q, et al. Nitrogen loss through denitrification, anammox and Feammox in a paddy soil [J]. Science of
the Total Environment, 2021, 773: 145601.

FHA, oRER IR TS K A U AP L R SAA RIS Se g it g (1], wh [E Rk R B2, 2021 51.

DU R, PENG Y Z. Technical revolution of biological nitrogen removal from municipal wastewater: Recent advances in Anammox
research and application [J]. Scientia Sinica Technologica, 2021: 51(in Chinese) .

ZHU J X, LI T, LIAO C M, et al. A promising destiny for Feammox: From biogeochemical ammonium oxidation to wastewater
treatment [J]. Science of the Total Environment, 2021, 790: 148038.

TAN X, XIE G J, NIE W B, et al. Fe(lll)-mediated anaerobic ammonium oxidation: A novel microbial nitrogen cycle pathway and
potential applications [J]. Critical Reviews in Environmental Science and Technology, 2021: 1-33.

ST, F R, A, 45 B A AR TE PRI R G BT R R L EIRSE D). B EOR 5 T0A, 2020, 20(35) : 14377-
14384.

WU L N, YAN Z B, LI J, et al. Research progress and application of ferric ammonia oxidation in environmental system [J]. Science
Technology and Engineering, 2020, 20(35): 14377-14384(in Chinese).

PN, EWA, FESAE, . RE S AR R R A AL B S H AR B X ] AR R AR 2 2 (A AR B2 D, 2018,
47(1): 1-7.

ZHONG X J, WANG Y J, TANG ] H, et al. Feammox: a novel anammox process and ecological significance [J]. Journal of Fujian
Agriculture and Forestry University (Natural Science Edition), 2018, 47(1): 1-7(in Chinese).

LI X F, HOU L J, LIU M, et al. Evidence of nitrogen loss from anaerobic ammonium oxidation coupled with ferric iron reduction in an
intertidal wetland [J]. Environmental Science & Technology, 2015, 49(19): 11560-11568.

RERE R, A28, Iy, 45 BRI TR TR TR K IR TR AL 5 R IR AL AL U BT S k2 (0] BE 92441, 2021, 61(8) : 2219-2235.

CUI Z C, FU L, ZHAO Q, et al. Iron-reducing bacteria in water regeneration and energy conversion [J]. Acta Microbiologica Sinica,
2021, 61(8): 2219-2235(in Chinese)

MEIJIA J, RODEN E E, GINDER-VOGEL M. Influence of oxygen and nitrate on Fe (hydr)oxide mineral transformation and soil
microbial communities during redox cycling [J]. Environmental Science & Technology, 2016, 50(7) : 3580-3588.

HERNANDEZ M E, NEWMAN D K. Extracellular electron transfer [J]. Cellular and Molecular Life Sciences:CMLS, 2001, 58(11):


https://doi.org/10.1038/srep17306
https://doi.org/10.1016/j.cej.2017.10.072
https://doi.org/10.1016/j.cbpa.2017.03.009
https://doi.org/10.1016/j.soilbio.2005.03.027
https://doi.org/10.1263/jbb.101.70
https://doi.org/10.1038/ngeo1530
https://doi.org/10.1007/s11356-019-06793-5
https://doi.org/10.1007/s11356-019-06793-5
https://doi.org/10.1016/j.scitotenv.2018.08.189
https://doi.org/10.1016/j.scitotenv.2018.08.189
https://doi.org/10.1016/j.scitotenv.2021.145601
https://doi.org/10.1016/j.scitotenv.2021.145601
https://doi.org/10.1016/j.scitotenv.2021.148038
https://doi.org/10.1007/PL00000796

534 B T RS s R S A TS K B R IO, I RIF 50 ik 1715
1562-1571.
[22] LOVLEY D R, PHILLIPS E J. Novel mode of microbial energy metabolism: Organic carbon oxidation coupled to dissimilatory

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

reduction of iron or manganese [J]. Applied and Environmental Microbiology, 1988, 54(6): 1472-1480.

HUANG S, JAFFE P R. Characterization of incubation experiments and development of an enrichment culture capable of ammonium
oxidation under iron-reducing conditions [J]. Biogeosciences, 2015, 12(3): 769-779.

YAO Z B, WANG F, WANG C L, et al. Anaerobic ammonium oxidation coupled to ferric iron reduction in the sediment of a eutrophic
lake [J]. Environmental Science and Pollution Research International, 2019, 26(15): 15084-15094.

LI D B, LI J, LIU D F, et al. Potential regulates metabolism and extracellular respiration of electroactive Geobacter biofilm [J].
Biotechnology and Bioengineering, 2019, 116(5): 961-971.

NEALSON K H, SCOTT J. Ecophysiology of the genus Shewanella[M]//The Prokaryotes. New York: Springer New York, 2006:
1133-1151.

FRALL, 227, IR, 5. Feammox: — P B A R AL WL A LA (1] b T3k, 2022, 41(01): 391-399.

ZHANG L H, LI J, WANG Y E, et al. Feammox: a novel autotrophic nitrogen removal technology [J]. Environmental Chemical
Industry and Engineering Progress, 2022, 41(01): 391-399(in Chinese).

YANG Y F, XIAO C C, YU Q, et al. Using Fe(II)/Fe(IlI) as catalyst to drive a novel anammox process with no need of anammox
bacteria [J]. Water Research, 2021, 189: 116626.

DING B J, CHEN Z H, LI Z K, et al. Nitrogen loss through anaerobic ammonium oxidation coupled to Iron reduction from ecosystem
habitats in the Taihu Estuary region [J]. Science of the Total Environment, 2019, 662: 600-606.

HU X J, WAN X D, TAN W, et al. More is better?Constructed wetlands filled with different amount of Fe oxides showed opposite
phosphorus removal performance [J]. Journal of Cleaner Production, 2021, 329: 129749.

DING L J, AN X L, LI S, et al. Nitrogen loss through anaerobic ammonium oxidation coupled to iron reduction from paddy soils in a
chronosequence [J]. Environmental Science & Technology, 2014, 48(18): 10641-10647.

YI B, WANG H H, ZHANG Q C, et al. Alteration of gaseous nitrogen losses via anaerobic ammonium oxidation coupled with ferric
reduction from paddy soils in Southern China [J]. Science of the Total Environment, 2019, 652: 1139-1147.

RE K, W, R4V, AF. R BT KAV A SOR st (D). i [ 27k HEK, 2020, 36(18) : 38-44

WU Y C, GU X, ZHU J T, et al. Research advances of biological nitrogen removal from wastewater via Fe(lll) reduction coupled to
anaerobic ammonium oxidation(feammox)process [J]. China Water & Wastewater, 2020, 36(18): 38-44(in Chinese).

PRARTH, £5E5E, SR, 4. St A s AL AR W RO AL B B ST HEJ (0], BRBE 1k, 2021, 40(10) : 3199-3206.

CHEN T T, WANG X B, ZHANG Y D, et al. Enhanced biological denitrification by redox mediators: A review [J]. Environmental
Chemistry, 2021, 40(10): 3199-3206(in Chinese).

QIN Y B, DING B J, LI Z K, et al. Variation of Feammox following ammonium fertilizer migration in a wheat-rice rotation area, Taihu
Lake, China [J]. Environmental Pollution, 2019, 252: 119-127.

GUAN Q S, ZHANG Y L, TAO Y R, et al. Graphene functions as a conductive bridge to promote anaerobic ammonium oxidation
coupled with iron reduction in mangrove sediment slurries [J]. Geoderma, 2019, 352: 181-184.

YANG Y F, PENG H, NIU J F, et al. Promoting nitrogen removal during Fe(III) reduction coupled to anaerobic ammonium oxidation
(Feammox) by adding anthraquinone-2, 6-disulfonate (AQDS) [J]. Environmental Pollution, 2019, 247: 973-979.

ZHOU G W, YANG X R, LI H, et al. Electron shuttles enhance anaerobic ammonium oxidation coupled to iron(IIl) reduction [J].
Environmental Science & Technology, 2016, 50(17): 9298-9307.

AUENE, RER, 2L, 55 IREBR A A TE =285 K X & LR MR R 1], BokER, 2017, 36(9): 14-22.

LI H H, CHEN C, WU Y, et al. Ammonium oxidation under iron-reducing conditions in three different wastewater treatment [J]. Water
Purification Technology, 2017, 36(9) : 14-22(in Chinese).

MROr 8, 400, 22, 45 R AIpHE X kI B A A BR A R B ALy 52 (7). BRER#, 2018, 39(9) 1 4289-4293.

CHEN F M, JIN R, YUAN Y, et al. Effect of temperature and pH on nitrogen conversion in feammox process [J]. Environmental
Science, 2018, 39(9) : 4289-4293(in Chinese) .

R, BB, B/ =, 45 BT Feammox iy 42 1) I 1 25 PEREAIE 5T D], P [ BRBE R, 2017, 37(9) : 3353-3362.

WU Y, CHEN C, MAO X Y, et al. Study on performance of the feammox biofilm-reactor [J]. China Environmental Science, 2017,
37(9): 3353-3362(in Chinese).

LI X, HUANG Y, LIU H W, et al. Simultaneous Fe(IIl) reduction and ammonia oxidation process in Anammox sludge [J]. Journal of
Environmental Sciences, 2018, 64: 42-50.

SR, W, X, 45 Feammox R 4 WA R FL AL iz R 10T [J]. AL T2 41, 2020, 71(5): 2265-2272,1935

WU Y X, ZENG W, LIU H, et al. Exploration of nitrogen transformation pathway in Feammox [J]. CIESC Journal, 2020, 71(5) :
2265-2272,1935(in Chinese).

X530 DRV S AL 1 181 5 Al B H b PR AUB K A BFSE [DD. )N ) AR Tl k2%, 2018.


https://doi.org/10.1128/aem.54.6.1472-1480.1988
https://doi.org/10.5194/bg-12-769-2015
https://doi.org/10.1007/s11356-019-04907-7
https://doi.org/10.1002/bit.26928
https://doi.org/10.1016/j.watres.2020.116626
https://doi.org/10.1016/j.scitotenv.2019.01.231
https://doi.org/10.1016/j.jclepro.2021.129749
https://doi.org/10.1016/j.scitotenv.2018.10.195
https://doi.org/10.7524/j.issn.0254-6108.2020060903
https://doi.org/10.7524/j.issn.0254-6108.2020060903
https://doi.org/10.7524/j.issn.0254-6108.2020060903
https://doi.org/10.1016/j.envpol.2019.05.055
https://doi.org/10.1016/j.geoderma.2019.05.044
https://doi.org/10.1016/j.envpol.2019.02.008
https://doi.org/10.1016/j.jes.2017.01.002
https://doi.org/10.1016/j.jes.2017.01.002

1716 7N 54 1t

3

2%

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

LIU Z W. Study on the treatment of ammonium in wastewater by immobilized feammox bacteria[D]. Guangzhou: Guangdong
University of Technology, 2018(in Chinese).

YAO Z B, WANG C H, SONG N, et al. Oxidation of ammonium in aerobic wastewater by anoxic ferric iron-dependent ammonium
oxidation (Feammox) in a biofilm reactor [J]. Desalination and Water Treatment, 2020, 173: 197-206.

ZHU T T, LAI W X, ZHANG Y B, et al. Feammox process driven anaerobic ammonium removal of wastewater treatment under
supplementing Fe(I1l) compounds [J]. Science of the Total Environment, 2022, 804: 149965.

WAN LY, LIU H, WANG X Z. Anaerobic ammonium oxidation coupled to Fe(IIl) reduction: Discovery, mechanism and application
prospects in wastewater treatment [J]. Science of the Total Environment, 2021: 151687.

PARK W, NAM Y K, LEE M J, et al. Anaerobic ammonia-oxidation coupled with Fe** reduction by an anaerobic culture from a
piggery wastewater acclimated to NH, *+/Fe*" medium [J]. Biotechnology and Bioprocess Engineering, 2009, 14(5): 680-685.
ZHANG M, ZHENG P, WANG R, et al. Nitrate-dependent anaerobic ferrous oxidation (NAFO) by denitrifying bacteria: A perspective
autotrophic nitrogen pollution control technology [J]. Chemosphere, 2014, 117: 604-609.

R, AP, B IR AL SRR (1], B AAE S 4R, 2013, 24(8) : 2377-2382.

ZHANG M, ZHENG P, JI ] Y. Research advances on anaerobic ferrous-oxidizing microorganisms [J]. Chinese Journal of Applied
Ecology, 2013, 24(8): 2377-2382(in Chinese).

VA T A R 30 I 4 40T A0 TR 1 T 2 K S AL AL RE W 5T (D] I 2R U5 - I R U Tl K22, 2020.

FAN M Y. Isolation and denitrification efficacy of A new nitrate-dependent Fe( Il ) oxidation bacterium [D]. Harbin: Harbin Institute of
Technology, 2020(in Chinese).

JAMIESON J, PROMMER H, KAKSONEN A H, et al. Identifying and quantifying the intermediate processes during nitrate-dependent
iron(II) oxidation [J]. Environmental Science & Technology, 2018, 52(10): 5771-5781.

JOKAI K, NAKAMURA T, OKABE §, et al. Simultaneous removal of nitrate and heavy metals in a continuous flow nitrate-dependent
ferrous iron oxidation (NDFO) bioreactor [J]. Chemosphere, 2021, 262: 127838.

STRAUB K L, BENZ M, SCHINK B, et al. Anaerobic, nitrate-dependent microbial oxidation of ferrous iron [J]. Applied and
Environmental Microbiology, 1996, 62(4): 1458-1460.

YANG Y F, XIAO C C, LU J H, et al. Fe(IlT)/Fe(II) forwarding a new anammox-like process to remove high-concentration ammonium
using nitrate as terminal electron acceptor [J]. Water Research, 2020, 172: 115528.

LI X, YUAN Y, HUANG Y. Enhancing the nitrogen removal efficiency of a new autotrophic biological nitrogen-removal process based
on the iron cycle: Feasibility, progress, and existing problems [J]. Journal of Cleaner Production, 2021, 317: 128499.

Wk A, TR LAk, 2RI, A DR A S0 A B AU S G2 IR R A IR K WESE (DL BRI AL AR A 4R, 2019, 39(9) 1 2953-
2963.

YAO HN, ZHANG L Q, LI S G, et al. Study on the factors affecting simulated landfill leachate treatment by anaerobic ferric ammonia
oxidation [J]. Acta Scientiae Circumstantiae, 2019, 39(9): 2953-2963 (in Chinese).

CARLSON H K, CLARK I C, BLAZEWICZ S J, et al. Fe(I) oxidation is an innate capability of nitrate-reducing bacteria that involves
abiotic and biotic reactions [J]. Journal of Bacteriology, 2013, 195(14): 3260-3268.

LI X, YUAN Y, HUANG Y, et al. A novel method of simultaneous NH," and NO;™ removal using Fe cycling as a catalyst: Feammox
coupled with NAFO [J]. Science of the Total Environment, 2018, 631/632: 153-157.

ZHU T T, ZHANG Y B, LIU Y W, et al. Electrostimulation enhanced ammonium removal during Fe(IIl) reduction coupled with
anaerobic ammonium oxidation (Feammox) process [J]. Science of the Total Environment, 2021, 751: 141703.

WATANABE T, HASHIMOTO S, KURODA M. Simultaneous nitrification and denitrification in a single reactor using bio-
electrochemical process [J]. Water Science and Technology, 2002, 46(4/5): 163-169.

SHI L, DONG H, REGUERA G, et al. Extracellular electron transfer mechanisms between microorganisms and minerals [J]. Nature
Reviews Microbiology, 2016, 14(10): 651-662.

W R A, AT 26 3, ATk L AL SR A B AL BT ok P L (0] BRBE 4L 2#, 2010, 29(3) 1 491-495

YANG H M, HE X W, HE Y. Removal of nitrogen in the micro-polluted water by electrochemicall oxidation process [J].
Environmental Chemistry, 2010, 29(3): 491-495(in Chinese).

EEME, WK, B, S5 R R AR S A A A A T2 R R O R (], BB AL, 2021, 40(4)
1216-1231.

WANG J H, YOU Q G, SHEN Y, et al. Research advances on influence factors and regulation of Partial denitrification and Anammox
coupling denitrification process [J]. Environmental Chemistry, 2021, 40(4): 1216-1231(in Chinese).


https://doi.org/10.5004/dwt.2020.24822
https://doi.org/10.1016/j.scitotenv.2021.149965
https://doi.org/10.1007/s12257-009-0026-y
https://doi.org/10.1016/j.chemosphere.2014.09.029
https://doi.org/10.1016/j.chemosphere.2020.127838
https://doi.org/10.1128/aem.62.4.1458-1460.1996
https://doi.org/10.1128/aem.62.4.1458-1460.1996
https://doi.org/10.1016/j.watres.2020.115528
https://doi.org/10.1016/j.jclepro.2021.128499
https://doi.org/10.1128/JB.00058-13
https://doi.org/10.1016/j.scitotenv.2018.03.018
https://doi.org/10.1016/j.scitotenv.2020.141703
https://doi.org/10.1038/nrmicro.2016.93
https://doi.org/10.1038/nrmicro.2016.93
https://doi.org/10.7524/j.issn.0254-6108.2020091302
https://doi.org/10.7524/j.issn.0254-6108.2020091302

	1 铁氨氧化机理（Mechanism of Feammox）
	1.1 铁氨氧化相关微生物
	1.2 电子穿梭体对Feammox的影响

	2 铁氨氧化在废水脱氮中的应用研究及存在问题（Research on the application and problems of Feammox in nitrogen removal from Wastewater）
	3 铁氨氧化耦合脱氮工艺（Feammox coupling nitrogen removal process）
	3.1 铁氨氧化与Anammox耦合
	3.2 铁氨氧化与NDFO 耦合
	3.3 铁氨氧化与生物电化学系统耦合

	4 结论（Conclusion）
	参考文献

