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Abstract: Anaerobic ammonia oxidation (ANAMMOX) process is an efficient and low-cost biological
nitrogen removal process. However, it still faces some challenges in mainstream applications due to the

limitation of substrate types and nitrate accumulation. In recent years, the combined process of
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anammox has been widely studied to solve the above problems. In this paper, the combined processes of
anammox developed in recent years are reviewed, and discussed from the process principle, advantages
and disadvantages, influencing factors, process extensibility and the key bottlenecks existing in the
promotion and application, as well as the relevant work of the subject group. Finally, we take an outlook

on the development of the combined anaerobic ammonia oxidation process in municipal domestic

wastewater treatment.

Keywords: anammox process; wastewater treatment; denitrification process; combined process

1 REAEMN (anaerobic ammonia

oxidation, anammox) T 7,

KA g G R R R T R KR E B SR
PMEZERR, ARMPERETT KA B HA
HinZ—o BGr AR 1. 275 BN FE K it
A RE IR AR, ] A B8 S A o P 7 3 AR AR T
R, XHE FE. HENERHEET &, RE
ZUET, IREZASEAIH (anaerobic ammonia
oxidizing bacteria, AnAOB) X NH,"-N N H,F
fitiA, DI NO, -N A 21K, mZAG ARk
NNy 5EGEMA T HE, anammox .7,/
— PTG EE RN A HLATR . AT RS A
FWMATZ.

RIS T A 1E 15 K A FEEIR S E AL
A« NH,"-N K&/ NO, -N fil NO;s -N, NO, -N
W ANREW £ anammox BT K . AN, T
AnAOB 7E & WA /8 rp 25 77 A 6 IR £
X 1), X FE anammox L7 FHE I AR
i A REIR B 88%. IS A ey BRME Bz LA A
LR REHIZ) T anammox T.ZHJ ¥Z N H,
X FiRM A, FZ¢ anammox AYZH-G T2 0
BIMA, AR T X P RME S,

NH,"+1.32NO, +0.066HCO; +0.13H"—
1.02N,+0.26NO5 0.066CH,0¢5N¢ 15+2.03H,0 (1)
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2 REAENEEHMATY

FIZE FaR PR &, Bl T2EHE
1975 20RF anammox T 25 ik — 25 58 35 4b 58 37 204 T
FRPEMSE, R 1 H WIREA A S T2,
Horr Ao 45 2 245 872 b 52 F 0 B3 43 Ja A
fifb-IRE A %A Mk (partial nitrification anammox,
PNA) L2, ZHE T ZAMEYE T anammox
FIY R 55— 7 1R, anammox 65 %6 2 &2
il . e R f T2 T A, XA
T EAERMMYE T anammox A AR Z AR @, L
TR WA IR R A G T T ERIR
21 #EWomiEHEK-REESE L (partial
nitrification anammox, PNA)

1998 4F-fif % Jetten BN 241K T PNA

AT, 2002 4EFT 22 FEREPHTE KT #EA TR
LR AR, PNA T2 A5 2530 60% k4 it
1 100% 19 SRR, FLT5 U8 il T 80%),
PNA T 2538 FH T il 540 F v B A % Kk n
PRATHAL ISR A AL B, DRl oA Ry 2 Ak B 37
PRI T 25, HAT PNA T 255 4%
TFF R Tl K A B e A5 5] 7 A
2012 4F Shen 7EMORG 7K PNA A3 T 25 gt X
anammox M) )3 3h , {52 bR i5 K B 9% & &
AnAOB, JIESZHR V5 Je RE T 35 #2 % anammox
TES N g A YRR S, PNA T 200 TR
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FRERAL T KT, SR 1 PNA T 2578 E kAL
PROCAR IS, AT SRAEAE — SE A R fifk DL i)
O, ACRAS U i D RER A P 1 A K FAR IS
i L2 B /N T 20 °C B I il R £ R Tk
(nitrite-oxidizing bacteria, NOB) )4 K i K
IR#EIL A L4 (ammonia-oxidizing bacteria,
AOB), HIREEMALE S AT, HIACE A
T NOB 43 FME. Qiu A, T IR EEAE
25 CEABTRZERE®R (nitrogen removal efficiency,
NRE) A LLik 51%—81%, 4R 1 4 i /N 15 C
i}, NRE H & TREE 25% HB i A RE . K
KBZE . HKIRIZTT PNA 20, NOB Y
HIF NO, -N - RYASE 25 B2 HOW A T 0
B K A BR APk . H R L R A
(dissolved oxygen, DO) . 75 e 5= &4 i 6] Az 24 A 5%,
Z RN R 25 G i =X NOBP,

PNA T A UEEM#FE anammox T.75JR#¥2K
TR BRI, AEBEA B A 7™ 4 09 2 K HE bR U
PNA T2 AEAE MK S A AN IR Y [ %
X — [, 2009 4F- Chen %5 HUKE S A 4k T2
5 PNA #7#8 G, 724 T R A A Ak - IR A
A Ak - 46 T2, (simultaneous nitrification
anammox and denitrification, SNAD), HAE L
HlJE: AOB ¥ NH,-N #8r # b i NO, =N, 1
AnAOB fEfI P ¥ NH,-N il NO, -N # 1L A N,
I NO; =N, 5 H S T8 LA HLY) o i 74
4 NOs-N #:4b2h NO, -N, 7878 2 i i T A
T, AR ZL TR Nyo LAY
H2g PNA LM, T H B TTE—A> S i
T, AN, RS L. HET SNAD
TR C/NL. ZAREKAI, INFEFRFE L K TH
A BB B G Tl K 4G B 1Y
AEHIROR T T IRARFSY, Du
K FH 8 72 A= W B 1% V95 e I L #% - (integrated
fixed-biofilm activated sludge, IFAS) iz{7 SNAD

&: 010-64807509

A P i S AT AR T 157K, NRE 35 92.8%,
[7] B 4k 2% 75 % /& (chemical oxygen demand,
COD) LBHHEN 78.8%. Xu SR FH R A K it
PRAEAE S SNAD sefbAEWIBRIE, RAITHRK
FI5ME75 U8 (up-flow anaerobic sludge blanket,
UASB)+IFAS JZJii#%, &% (total nitrogen, TN),
S (total phosphorus, TP) Fl COD Z:BR%435l
K#) 93.70%. 97.71%F1 79.93%. (A ZHE H Y
&, Rl T IR A MR Al Al SRR oG
R, = LI KIARE B T kiR
22 EERBEU-REE S X (partial
denitrification anammox, PDA)

£ SNAD T2+ DO #ifil 434, DO
A 2 R EUNO, -N #4846 NOs =N, [Hit,
AR AE DR AR AR TP RE B2 2E B NO, -N, AU £
P S nFe A2 2006 4F Sumino SR H PDA
T2, FI R I A 2R SR Ak R TR
NO; -N #4k NO, -N PB4 4 anammox 1.
& OMUEA SNAD 3 /i e T RO il 72,
ERICT R WIRERY], 1B R RA bR
WEET, 6= NO, -N i Jit il 14 56 72 S A A 0 o
F AL, LIAPLBAE AR, NOy-N
FAk NO, -N BB m 53] 80%LL 11, il
T DL TG V5 K A LS R A R S
L 1.2 NO, -N #5 4k 23k 88.0%!"", H Kk i
ST F LA NOy =N 722U, B PDA T
LW AE IR L 7= A He PNA B e . IbAh, A
FrE it PDA TEAL IR M 15K 5 1, IR 50%
(S R 80% A ML B =", AR T
PNA .75, PDA T ZH A% NOB i,
HK PDA FE AR 5 100%, I HA %
I8 7% U NoO BIHERL, 1tt4h PDA 25X
TREE BRI PNA &, R nT LAE R 26
JEE b DX O SR TTSE B A C/N 2 S B R I
WAL SEEER, 24 C/N g 4 BF, AnAOB %%
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i, 24 C/N N 2 B, AnAOB FIShigfL il
DAAR - i B W] TP sk 2R etk =X
IV #% (sequencing batch reactor, SBR), /K
COD/TN {5454 2.28, TN 2B E L 92.6%.
A 5T A T AR A B A S oy B U R AU
ARBKE /M2 PDA 1.2, A3
COD/TIN (A TEHLR) 7E 2.5 EAREETE K,
JRESCRIRTN T 77.8%+4.3%2Y, Ma 22U
A=W R N AR AR BE C/N R 2.6 TN MR 60.5 mg/L
B757K , 2 NRE ik 80%+4%. A i PDA T.
ZREREAEAN C/N MR KA PR B HE VR o
23 REUBEBRRSHK-RERELKIZ
WA NO;-N/NO, -N 4 Sz it 4k 54 R 4 H Je
HAb (denitrifying anaerobic methane oxidation,
DAMO) T ZHA M 2B NO;-N/NO, -N Fl
CH, IRES), IZ N Ny Fl CO,, J2—Tiik
TER SR Y RB AP, 2011 4F Zhu ZPHE
BT DAMO F anammox 045 1.2, 2R 4THY,
24 NO, -N Fl NH,'-N e KT 1.32 B, A LA
4 42 U F R A2 B B - Ettwig 258K 52 T DAMO
MEERER NO, -N g —%H LA (NO) K5
AL Ny fl Oy, ZAFIA 0.6 CHy Ak N
CO, (zX; 2). Haroon %5 iES2 T DAMO
PR3 o 3 B AT F B AEAE, O T bR
HER BT F NO3 -N i & NO, -N (= 3).
5 DAMO T 8 Al AnAOB FIf = A= O RG 25 A b
J#h NO, -N, 55 —7JiHifHF DAMO 4 i (417
e, TR NO,-N #EATiH#E, Kt NH,'-N,
NO, -N FHATFE k5 Fie B anammox b1t
Fodshn, —EREEE EREAR T R RIBR S, AR
M DAMO JREF 2218 1Y A Kol 2z 4l & T
2 —AEE R T EHERELLE T Y
JiE SRR I BE SR LR pH MRl EE R T
DAMO T ZH:REPY, W5 TAKNF ., fike
L BILEXT DAMO fUEdg R, Hep
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Fe(1l) ¥ J¥ 20 pumol/L I Xf 1% 1t A 12 ik 4k
FAPT2T, 1 AP A IR A A 38 20 A1 b S g 45 A 75
sRAE T CHy A% T, 4t o B 2H R 25 OB A= )
RER MR AYED . CHy ML FRRCR 2
X—HETAMEERGIN . HAEr, A5
OB A JE L AR W B S Y #% (membrane
biofilm reactor, MBfR) H JC S #1i5 S 4F 4E i i
FHIEE T CHa AL T, [A) IR SA Ak P B 1)
BURPRAE A PR 5 B i

NO, +3/8CH4+H —1/2N,+3/8CO,+10/8H,0

2)
NO; +1/4CH4;—NO, +1/4CO,+1/2H,0  (3)

HW5EE KB MBIR B &5 T DAMO 5
Fil AnAOB FTEHE , A ARIAF 6.1 kg/(m™d)P,
Cai 254 AnAOB Fl DAMO 4= M4 7204
e MBfR, NO, -N Fl NH,-N {9 i &0 % 5
ik 330 mg/(L-d). 268 mg/(L-d), Xie Z1°I)
MBIR Jfy H:fili# & R A 2 A 4L Fi DAMO 1.2,
Ve T AT 95 B v s o dE Rk F e, M
H oy 280 mg/(m’-d), AL R AR SR
AnAOB FI DAMO B %} NO, -N 2 4 (8 5 #ik 73 51l
9 90%F1 10%, Ak, 4 NO, -N 5 NH4'-N [t
BI7E 1.22-1.55 o N2 fLE, NH,-N
NO, -N ) KPR IREIRF] 96%. L LKW
F A A6 7 B e SR A - DR AR 2 R T AR A TS
K R T LA SR 9 FT . Peng A5PTIE
PSS RS AT 45 A 0 R BURE 5 Ui 52 1 i 4R 7 7
B, 48 B K 5 R TR AN 7E 4.8 h, AU
F R RS DL R AR NO, -N/NH, =N, A] L)
Ree A1 B i b T8 FR e AR Ab - IR SR s R AE T 208 1T
BAR
24 REI[ASU-FERBELIZHEE

2006 4 Mulder Z£PS 4 Hy Ak 479K 30 A8
o AEAE R B A A T2 HE (sulfide-driven
partial denitrification and anammox, SPDA), iX
TA LA LA (sulfur oxidizing bacteria,
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SOB) il A LA, 4 NOy -N & )5h NO, -N,
i AnAOB #E R A L. T SOB HA %
A A==t ((0.15-0.57) g £t /g NO5 -N)
A KR (0.04-027/h)P), HidBEALE
AnAOB 774354 SOB VAT BT (S) F S,0,°
Vi i FHEA, 9 AnAOB $244E54 %E 1 NO, -N,
It H AT LIREAE AnAOB 32 2% 4G LT AY 310
YERM, BAREALYIXT AnAOB BT MEA Hl il
YEHT, {55 SOB I [FA4EN AnAOB i 1 1%
BEFRBE, Li ZMHI Chen ZEM R RCINE 80 T LU
Bt SR 0 i A QA R ko FL b fA 1 SPDA T
Z.. Qin ZWIHI5E SPDA T 20k BUER AL W 7E
TR Pt 5E 2 AL AR AR L . Deng 253k
UASB [ W #8117 SPDA 1.2 [F i B ER AL 4
MR, AR ERE 0.36 kg/(m’-d), % NRE
ik 79.6%+3.0%. B L AT W, SPDA 75 K Ab P rp
HA R

2006 4F: Sawayamal* IF S27E 4k AL (iron
reducing ammonium oxidation, Feammox) 1J#2
W, Fe(Ill) i B AT DAFI T Fe(TTT) K4 25+ 41
£ NO, . NOy . Npo X— & EHa| AR
15KALEE R, 2018 A HiRIE PRTE DA Ak it
W =Mk a8 by, NH e R EFAE, el
& & Feammox 7E RS S T A A NH,-N i85
Fe(Ill), 1 HAKAEHE (iron reducing bacteria,
IRB) e £ S5 U sy o A2 ml el o X
4-6 Ui, BRVESUE T ARTEEES, iy
fiR b 4K W1 PE 2k % fb  (nitrate-dependent iron
oxidation, NDFO) HJ Ll i NO; Ak Fe(11)H
Fe(Ill) Jf H ™4 N, (X 7), [FBEAEAREDE
22 ALK Fe(11) F1 NOy #5464 N, fil Fe(IlD)
(=X 8), A4 %+ Feammox . NDFO 4 ¥4k 2%
RS TE—#E , Fe(11) A1 Fe(Ill) A LAfEER
ffiFH, 7E%A AnAOB AYIEHL T tn] LLSE LR
A A", WAl Feammox . NDFO 5

&: 010-64807509

anammox . 2454, FIH “MEB A AR IE
WAHA, i anammox JIEA IS TR | ] &, []
AsF BT A A A2k X5 anammox FH 2 A0 Rl AS & gk
TR, fERAH A AR R In R,
3Fe(OH);+5H+NH, ' —3Fe’+9H,0+0.5N,

(4)
6Fe(OH);+10H+NH, —6Fe*+16H,0+NO,"

(5)
8Fe(OH)s+14H +NH, —8Fe’ +21H,0+NO;

(6)
10Fe( I )+2NO5 +12H"—10Fe(II)+N,+6H,0

(7)
4Fe(11)+2NO, +8H —4Fe(Il[)+N,+4H,0(8)

3 RE#

IRARE T2 BIRC L0 — T+
A, ABETE U AT AR T i — LE Bk A 19
a2 I AR A DR AR R AR A TR AR K
TEPERR T 3 B R, Ok B A% 1) A HE L
BRI 75 R = AL T 1 TR R )
K o

1 3 25 Bl BN anammox T2 DI RE R HETH
PERYSRAL, TEKAEFAT A2 s . B
BT il FHAMINHL 7 FBE% % AnAOB TG P A T
srfl, WABI Y 1T AnAOB Hy5R L
AR LLEXS anammox A KLAF 4R AR
Ho 1k, AWFFEHEH anammox 14 BURH: 57
FIHEAA RN a1 HL N-IE IS 5 22 2R N g
EA5 55 FXF anammox T 2.4 IETEAEEVER, A
2, WA AINEAE S A TR S
BCATAE AT anammox SR AKH) B, 4 ml
PEBOT AR R 3 i e 4 Tk R R s s Ak
anammox . BT, 38 3 58 Ak 4 it ] e %326 mT
AR R anammox T Z2AMERE, & ILGSIMEk 2k A
AEHRE anammox .7 S0%ZA A BIR BRI R
(BHEAR K 32) o BLAh, AR A 8 o A S s A
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*1 BIRERENKASTIZ

Table I Combined anaerobic ammonia oxidation processes
Combination Main functional microorganism Advantages Disadvantages Total nitrogen References
process removal rate
PNA Candidatus Kuenenia Low operating Not suitable for 46%-95% [3, 51-53]
Candidatus Brocadia, cost, less N,O low temperature
Nitrosomonas, emission, stable environment
Nitrospira performance
SNAD Candidatus Kuenenia, High efficiency, low  Slow start, unstable 77.9%-92.8% [13-14, 54]
Candidatus Brocadia, consumption, small operation, difficult
Pseudomonas, Flavobacterium, footprint, low capital  to control
Bdellovibrio, Thauera, construction cost
Denitratisoma, Rhodobacteraceae
PDA Thauera, Alishewanella, Low cost, high total Organic matter 84.8%-97.8% [19, 55-56]
Ornatilinea, Comamonas, nitrogen removal inhibits autotrophic
Candidatus Kuenenia efficiency, strong bacteria
impact load resistance
DAMO- Candidatus Kuenenia, The total nitrogen Slow startup and ~ 90%-99.9% [35-36, 57]
anammox Candidatus Brocadia, removal efficiency is low CH4 mass

Candidatus M. oxyfera, high
Candidatus M. nitroreducens

transfer efficiency

FRUFIHEAE , SCBL T anammox T S XML B 5
AIEIK (<10 mg/L) HIRBRESS™, 4 Hsrm
anammox |- 2 7E F I K H a9 H o

RTINS P 288 Y PR 5 i A AR R In) REIC ik
iR R A A AL T 28 e, ik, IR
ARAEA A T L RTE KA T AL,
WE T AWBEEAS, O IRR TR E A2
KT KA B AR R . Wu IR E Y
WLV % (anaerobic baffled reactor, ABR)+4>
RAERE N %% (completely mixed anaerobic
reaction, CSTR) JF & T — Fi Jx fif 1k Bi B
(denitrifying phosphorus removal, DPR) ## &
PDA WFTRE L Z, TIN AR ITCHLEE bk ik
97.57%F1 95.66%. Du %V ffi i 1 Be XAt LA
£ PDA 1.2, NRE ik 93.7%. Ji %2 i ik
(a0 AR (I Al N = W =0 AR [ VA 2
(synergistic partial-denitrification, anammox, and
in situ fermentation, SPDAF) .2 A4bFR i A Al
R R B SEPRAEE 15 K, TR AN ok 5 B <

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

IR, NRE Alik 93.1%. I A] WL7E S B
A T2 RS, SR B YRRMERRE
AT LR EME, TS KA B R W HR S Kk e
AR, HAEFEFE RN, HE6 12
R THME MM A YRR H RS TS,
wfrskE 6 AnAOB ey 3, Qe SCELZH A T
KRB T AP, WiRaeagiE
T ) 7 24 L 1) 38 SRR AR E W] 4% 1Y) anammox 4H 5
T2WMAEYRERS, A2 anammox 4 A
T it Hir, 8RR EETT.

REFERENCES

[1] Jetten MSM, Strous M, van de Pas-Schoonen KT, et al.
The anaerobic oxidation of ammonium. FEMS
Microbiol Rev, 1998, 22(5): 421-437.

[2] Van Der Star WRL, Abma WR, Blommers D, et al.
Startup of reactors for anoxic ammonium oxidation:
experiences from the first full-scale anammox reactor
in Rotterdam. Water Res, 2007, 41(18): 4149-4163.

[3] Chen H, Wang H, Chen R, et al
performance stability and its recovery mechanisms of

Unveiling



BRF FIREENASHETIZHRHE 1357

[10]

[11]

one-stage partial nitritation-anammox process with
airlift enhanced micro-granules. Bioresour Technol,
2021, 330: 124961.

Tan H, Wang YY, Tang X,
determination of cavitation formation and sludge

et al. Quantitative
flotation in Anammox granules by using a new
diffusion-reaction integrated mathematical model.
Water Res, 2020, 174: 115632.

Shen LD, Hu AH, Jin RC, et al. Enrichment of
anammox bacteria from three sludge sources for the
startup of monosodium glutamate industrial wastewater
treatment system. J Hazard Mater, 2012, 199/200:
193-199.

Tomaszewski M, Cema G, Ziembinska-Buczynska A.
Influence of temperature and pH on the anammox
process: a review and meta-analysis. Chemosphere,
2017, 182: 203-214.

Zhu GB, Peng YZ, Li BK, et al. Biological removal of
nitrogen from wastewater. Reviews of Environmental
Contamination and Toxicology. New York, NY:
Springer New York, 2008: 159-195.

Qiu SK, Li ZB, Hu YS, et al. What's the best way to
achieve successful mainstream partial nitritation-
anammox application? Crit Rev Environ Sci Technol,
2021, 51(10): 1045-1077.

Pellicer-Nacher C, Sun SP, Lackner S, et al. Sequential
aeration of membrane-aerated biofilm reactors for
high-rate autotrophic nitrogen removal: experimental
demonstration. Environ Sci Technol, 2010, 44(19):
7628-7634.

Laureni M, Falés P, Robin O, et al. Mainstream partial
nitritation and anammox: long-term process stability
and effluent quality at low temperatures. Water Res,
2016, 101: 628-639.

Chen H, Liu S, Yang F, et al. The development of
simultaneous partial nitrification, ANAMMOX and
denitrification (SNAD) process in a single reactor for
nitrogen removal. Bioresour Technol, 2009, 100(4):
1548-1554.

M. FT SBBR [ SNAD T2y sh Az 174k
AE[D]. PH%&: KLoK=, 2019,

Lin ZY. Start-up and operational performance of
SNAD process based on SBBR[D]. Xi’an: Changan
University, 2019 (in Chinese).

Du YQ, Yu DS, Wang XX,
simultaneous nitritation, anammox and denitrification
(SNAD) in an integrated fixed-biofilm activated sludge
(IFAS)

et al. Achieving

reactor: quickly culturing self-generated

: 010-64807509

[15]

[16]

[17]

(20]

[21]

(23]

anammox bacteria. Sci Total Environ, 2021, 768:
144446.

Xu X, Ma S, Jiang H, et al. Start-up of the anaerobic
hydrolysis acidification (ANHA)-simultaneous partial
nitrification, anammox and denitrification
(SNAD)/enhanced biological
(EBPR) process
phosphorus removal for domestic sewage treatment.
Chemosphere, 2021, 275: 130094.

Sumino T, Isaka K, Ikuta H, et al. Nitrogen removal

phosphorus removal

for simultaneous nitrogen and

from wastewater using simultaneous nitrate reduction
and anaerobic ammonium oxidation in single reactor. J
Biosci Bioeng, 2006, 102(4): 346-351.

Cao S, Wang S, Peng Y, et al. Achieving partial
denitrification with sludge fermentation liquid as
carbon source: the effect of seeding sludge. Bioresour
Technol, 2013, 149: 570-574.

Shi L, Du R, Peng Y. Achieving partial denitrification
using carbon sources in domestic wastewater with
waste-activated sludge as inoculum. Bioresour Technol,
2019, 283: 18-27.

Du R, Peng Y, Cao S, et al. Mechanisms and microbial
structure of partial denitrification with high nitrite
accumulation. Appl Microbiol 2016,
100(4): 2011-2021.

Jiang H, Wang Z, Ren S, et al. Enrichment and

Biotechnol,

retention of key functional bacteria of partial

denitrification-Anammox (PD/A) process via cell
strategy for fast PD/A
application. Bioresour Technol, 2021, 326: 124744.

Wang ZB, Liu XL, Bu CN, et al. Microbial diversity

reveals the partial denitrification-anammox process

immobilization: a novel

serves as a new pathway in the first mainstream
anammox plant. Sci Total Environ, 2021, 764: 142917.
Ge SJ, Peng YZ, Wang SY, et al. Nitrite accumulation
under constant temperature in anoxic denitrification
process: the effects of carbon sources and COD/NO; -N.
Bioresour Technol, 2012, 114: 137-143.

Du R, Peng Y, Cao S, et al. Advanced nitrogen removal
with simultaneous Anammox and denitrification in
sequencing batch reactor. Bioresour Technol, 2014,
162: 316-322.

ok, VPR, RS, & BT RRER A
SR A PR TR RBR D3 T 95 7K R B B BRI R B R
2020, 41(3): 1377-1383.

Ma B, Xu XX, Gao MH, et al. Advanced Nitrogen
removal characteristics of low carbon source municipal

wastewater treatmentvia partial-denitrification coupled

X: cjb@im.ac.cn



1358 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

[25]

[27]

[32]

[35]

with ANAMMOX. Environ
1377-1383 (in Chinese).
Gao RT, Peng YZ, Li JW, et al. Nitrogen removal from

Sci, 2020, 41(3):

low COD/TIN real municipal sewage by coupling
partial denitrification with anammox in mainstream.
Chem. Eng. J, 2021, 410: 128221.

Ma B, Qian W, Yuan C, et al. Achieving mainstream
nitrogen removal through coupling anammox with
denitratation. Environ Sci Technol, 2017, 51(15):
8405-8413.

Raghoebarsing AA, Pol A, Van De Pas-Schoonen KT,
et al. A microbial consortium couples anaerobic
methane oxidation to denitrification. Nature, 2006,
440(7086): 918-921.

Zhu BL, Sanchez J, van Alen TA, et al. Combined
anaerobic ammonium and methane oxidation for
nitrogen and methane removal. Biochem Soc Trans,
2011, 39(6): 1822-1825.

Ettwig KF, Butler MK, Le Paslier D, et al.
Nitrite-driven  anaerobic methane oxidation by
oxygenic bacteria. Nature, 2010, 464(7288): 543-548.
Haroon MF, Hu SH, Shi Y, et al. Anaerobic oxidation
of methane coupled to nitrate reduction in a novel
archaeal lineage. Nature, 2013, 500(7464): 567-570.
He ZF, Geng S, Wang LQ, et al. Improvement of
mineral nutrient concentrations and pH control for the
nitrite-dependent anaerobic methane oxidation process.
Sep Purif Technol, 2016, 162: 148-153.

Wang JQ, Hua ML, Li YF, et al. Achieving high
nitrogen  removal  efficiency by  optimizing
nitrite-dependent anaerobic methane oxidation process
with growth factors. Water Res, 2019, 161: 35-42.

He Z, Geng S, Pan Y, et al. Improvement of the trace
metal composition of medium for nitrite-dependent
anaerobic methane oxidation bacteria: iron (I[) and
copper (II) make a difference. Water Res, 2015, 85:
235-243.

Hu B, He Z, Geng S, et al. Cultivation of

nitrite-dependent anaerobic methane-oxidizing bacteria:

impact of reactor configuration.

Biotechnol, 2014, 98(18): 7983-7991.
Nie WB, Xie GJ, Ding J, et al. Operation strategies of
n-DAMO and Anammox process based on microbial

Appl Microbiol

interactions for high rate nitrogen removal from
landfill leachate. Environ Int, 2020, 139: 105596.

Cai C, Hu S,
denitrifying

Guo J, et al. Nitrate reduction by

anaerobic methane oxidizing

microorganisms can reach a practically useful rate.

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

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Water Res, 2015, 87: 211-217.

Xie GJ, Liu T, Cai C, et al. Achieving high-level
nitrogen removal in mainstream by coupling anammox
with denitrifying anaerobic methane oxidation in a
membrane biofilm reactor. Water Res, 2018, 131:
196-204.

Peng L, Fan SQ, Xie GJ, et al. Modeling nitrate/nitrite
dependent anaerobic methane oxidation and Anammox
process in a membrane granular sludge reactor. Chem
Eng J, 2021, 403: 125822.

Mulder A. Biological denitrification of wastewater
comprises a nitrifying reactor and a denitrifying reactor,
where an ammonium ion containing wastewater stream
is partly fed to the denitrifying reactor and partly to the
nitrifying reactor: WO, 022539. 2006-05-02.

Cui YX, Biswal BK, Guo G, et al. Biological nitrogen
removal from wastewater using sulphur-driven
autotrophic denitrification. Appl Microbiol Biotechnol,
2019, 103(15): 6023-6039.

Chen FM, Li X, Gu CW, et al. Selectivity control of
nitrite and nitrate with the reaction of S” and achieved
the
denitrification process. Bioresour Technol, 2018, 266:
211-219.

Li X, Li X, Yuan Y, et al. Simultaneous removal of

nitrite  accumulation in sulfur autotrophic

ammonia and nitrate by coupled S’-driven autotrophic

denitrification and Anammox process in

fluorine-containing semiconductor wastewater. Sci
Total Environ, 2019, 661: 235-242.

Chen FM, Li X, Yuan Y, et al. An efficient way to
enhance the total nitrogen removal efficiency of the
Anammox process by S-based short-cut autotrophic
denitrification. J Environ Sci, 2019, 81: 214-224.

Qin Y, Wu C, Chen B, et al. Short term performance
sulfide-based
denitrification and Anammox coupling system at
different N/S ratios. Bioresour Technol, 2019, 294:
122130.

Deng YF, Wu D, Huang H, et al. Exploration and
verification of the feasibility of sulfide-driven partial

and microbial community of a

denitrification coupled with anammox for wastewater
treatment. Water Res, 2021, 193: 116905.

Sawayama S. Possibility of anoxic ferric ammonium
oxidation. J Biosci Bioeng, 2006, 101(1): 70-72.

Yang YF, Jin Z, Quan X, et al. Transformation of
nitrogen and iron species during nitrogen removal from
wastewater via feammox by adding ferrihydrite. ACS
Sustain Chem Eng, 2018, 6(11): 14394-14402.



BRF FIREENASHETIZHRHE 1359

[47]

[50]

[54]

B

Zhou GW, Yang XR, Li H, et al. Electron shuttles
enhance anaerobic ammonium oxidation coupled to
iron(III) reduction. Environ Sci Technol, 2016, 50(17):
9298-9307.

Yang YF, Xiao CC, Yu Q, et al. Using Fe( Il )/Fe(IIl) as
catalyst to drive a novel anammox process with no
need of anammox bacteria. Water Res, 2021, 189:
116626.

XU AR A e 1 37 560 A o R i Al AN DR SR 2 Ak T
ZYERE S HLEEFE[D]. BREE: 1AK%, 2020.

Liu PP. The study on the performance and mechanism
of the process of partial nitrification and anammox
enhanced by low frequency electromagnetic field[D].
Jinan: Shandong University, 2020 (in Chinese).

Zhang Q, Fan NS, Fu JJ, et al. Role and application of
quorum sensing in anaerobic ammonium oxidation
(anammox) process: a review. Crit Rev Environ Sci
Technol, 2021, 51(6): 626-648.

Akaboci TRV, Gich F, Ruscalleda M, et al. Assessment
of operational conditions towards mainstream partial
nitritation-anammox stability at moderate to low
temperature: reactor performance and bacterial
community. Chem Eng J, 2018, 350: 192-200.

Lotti T, Kleerebezem R, Hu Z, et al. Simultaneous
partial nitritation and anammox at low temperature
with granular sludge. Water Res, 2014, 66: 111-121.
Gao DW, Huang XL, Tao Y, et al. Sewage treatment by
an UAFB-EGSB biosystem with energy recovery and
different
temperatures. Bioresour Technol, 2015, 181: 26-31.
5KEL. MBR-SNAD A=Wyt & T Z 454k 5 I Ak 7 il F
FE[D]. HEHR: Wb T, 2018.

Zhang K. Study on the characterizations and regulation

autotrophic  nitrogen removal under

optimizations for biological nitrogen removal
MBR-SNAD process[D]. Handan: Hebei University of
Engineering, 2018 (in Chinese).

Cao SB, Du R, Niu M, et al. Integrated anaerobic

010-64807509

[58]

[62]

ammonium oxidization with partial denitrification

process for advanced nitrogen removal from
high-strength wastewater. Bioresour Technol, 2016,
221: 37-46.

Wang Z, Zhang L, Zhang FZ, et al. Enhanced nitrogen
removal from nitrate-rich mature leachate via partial
denitrification (PD)-anammox under real-time control.
Bioresour Technol, 2019, 289: 121615.

ie GJ, Cai C, Hu SH, et al. Complete nitrogen removal
from synthetic anaerobic sludge digestion liquor

through integrating anammox and denitrifying
anaerobic methane oxidation in a membrane biofilm
reactor. Environ Sci Technol, 2017, 51(2): 819-827.

Li Y, Yu T, Kang D, et al. Sources of anammox
granular sludge and their sustainability in treating
low-strength wastewater. Chemosphere, 2019, 226:
229-237.

Li YY, Zhang M, Xu DD, et al. Potential of anammox
process towards high-efficient nitrogen removal in
wastewater treatment: theoretical analysis and practical
case with a SBR. Chemosphere, 2021, 281: 130729.
Wu P, Zhang X, Wang Y, et al. Development of a novel
removal and  partial

denitrifying  phosphorus

denitrification anammox (DPR+PDA) process for
advanced nitrogen and phosphorus removal from
domestic and nitrate wastewaters. Bioresour Technol,
2021, 327: 124795.

Du R, Cao S, Zhang H, et al. Flexible nitrite supply
alternative for mainstream anammox: advances in
enhancing process stability. Environ Sci Technol, 2020,
54(10): 6353-6364.

Ji J, Peng Y, Wang B, et al

partial-denitrification, and in

Synergistic
anammox, situ

fermentation (SPDAF) process for advanced nitrogen

removal from domestic and nitrate-containing
wastewater. Environ Sci Technol, 2020, 54(6):
3702-3713.

(AR Ti9m AN %)

X: cjb@im.ac.cn



