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A AL (Mnammox)., # 7 2A#0F5E 7 B, Feammox Fl Mnammox £ A 48 16 AT LUK NH,-N B #2816~
A Z (NO, -N) B N,, — 222351\ Jy Feammox H' NH,"-N [ B #% /= ¥ /& NO, -N", 4 iy NO, -N
Al DL o e il . IR A A AL (anammox) 58 5 Fe* Hi & A0 5 U8 a8 5o NSO gk bR . 9k
M, WA —2F N, Feammox B0 In] T ELHEK NH, -N 460 N,, 0/ —Fl 48 i i A i 4e 10,
& Mnammox $EA , 4 ALY B A FARM T BT (1.5~4.6), TERUAE RS R HRCRE &, H
WA RE AR AL F5 . 25 Feammox A [F], Mnammox A% i & & 15 AN B A, JH NH,-N 19 B 4%
PRI TR NO, -N & N,, XABSRAEEFR !, BRI S, e Fgko #BH4 ik NH,-N X
BROUREST . MAh, B AET SAFEEMESEE T, XESRE DSBS Y, ik
Bk b nl s e R R PR, KSR RV S N T Ml ) A AR i 1R R

ARSCLABR A B N TR Ak B, Dy AMe a7 BB R R Y 2 N TR R
KB AT W, LABIF 5% B0 3L RN A0 0 3 N T IR M X695 e b 25 S m AR BEVE R, [R) it O T A [) 3
JEN T AR M b B A A B AR 2 S . R, 45 AT M SRR B9 8 1k o B R R W A, X
Feammox Al Mnammox £ AR %) 22 FIl AT 880, LA A T3 b i gk AR o i v R 2 2%
1 MBE5ERE
11 LRRSHNHESEIT

AT E AR 11 em B9 B4 215 4 6
B 3 AR SR N T . aniEd 1 iR, X
S N TR TAEA R 2L, R 65 em,
HINZE L R4)Z: 5emWikAE KR 1~ ke
3 em), 45 cm fY ) A 3 7 2 (KL 4 24 mm) oz B
10 cm [ 85 A )2 CBLAE 2~4 mm) Al 5 e A7) B A
JZ (hif% 1~3 em). R 48 D) BB 56 i (9 AS [W] 4 43
J 34 BB (CW-Fe), #i# (CW-Mn) FlER A7
(CW-C) 2 N TR 4 . ko, F W Aak-a 2 il
RVEF WA A K A A RSN
s, HARBUEE 50 17942, 1069.6 BRA ©10-30 mm [
F11388.3kg'm°, ifiif Brunauer-Emmet-Teller :\\T J— fmem SYETL
(BET, Tristar II 3020, Micromeritics, USA) -
W, WA 0 HEk T FURF 2 AL B R S5 S Fig. 1
2.1m*g ' f10.9nm, ZK#H K 7.2m*g " fl1.2nm,
A 203 m> g’ Fil 1.3 nm. A N TR HERFIAE 1 30 om &5 (9 {@ B Cyperus alternifolius L..

AR ELE AT 1180 d, BT N TR ML R G835k T i koK o S5 4l FH 09 B K B84
i f4% NH,Cl, KH,PO,, #ii%3#¥% Ml NaHCO, 4%, Hof NH,-N #9 5t B )y (2542) mg-L™', TP B9 i
ik A (5+0.5) mg L™, FEECA LIS Q09 BT BV EE (DL COD i) i (90+£10) mg-L™', NaHCO, 5
R E R 350 mg- L', CaCl, fl MgSO,-7H,0 Y i 5 ¥ BE 350 13 mg-L™', #E/K pH Ky 7.0+0.2, L5
Flig ek B DX e A 15 KA B BT A RIS AE 20~25 °C MR R A& R s AT, K J0 45 R AT
(hydraulic retention time, HRT) & 3 d.
1.2 DHSE

1) KAEREF M. B3 d XA TR H B KR KR AE 1 IR T A FE & R AR JG S ZI LR
9 0.45 um 1Y K F UE B ok Uk, SRS AT . W & TP NO;-N. NO,-N. NH,"-N JiT & ¥ Ji Al

A7 D=10~30 mm
H=5cm

x

¥ .l 'l
THAEHUE @2~4 mm (S
H=45 cm -

1 IRRETE
Schematic diagram of the experimental device
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COD {8 73 S FHAH R B 43 e G BE W . AN OB | N-(1-25858) & e e B vk o g Il 7] 43
G E VR RN 3 O B . pH FEEHE A SOk I E (HACH, HQ40d, 6.

2) BARMEEE o A B0 3 b3 R AT T NH, N R TP [ W B SE 0, A 45 B0 7 2 W IR R A R S
. FHl T 16 mg- L' TP A A 8 mg- L™ NH, N & . ¥f 3 Fl IE i 4% 60 g 70 I A A 1 TF TP 8§
NH,"-N ¥ W 0 240 FOf A (R4 3 A7) Rl A, SEsmA T 3 A 0. FiJs, F4an
P ACTE K B 3R 3% %% (25 °C, 150 rrmin™), SEHGAE 5. 10, 30, 60, 120, 240, 480, 780,
1440, 2160 min i BUEE . B TGS J12%, AR BIR T HE—%sh J1 %05 72 X (1) FfE —
s 12 X))

g = q(1-e™") (1)
2kt
=l @)
1 +qek2t

Krh: g WO AFHE AW, meg's g MO AT BT 2B W &, mgg™; oAMWBHETE, h;
ky RUE—GBEFE R, bk, A E G N R A E A, g (mgrh)
SEYRHERS TN IR] BT VR FE 0 NH,-N AL TP %5, 4340 0,050 1. 2. 4, 8, 16, 32, 64mgL"
MO, 1. 2. 4, 8, 16, 32, 64, 128 mg-L ™' W4 Fh KL il 3., YA Hb FR 2 247 55 9 40 b .
B, A 250 ml AS[A] & 4R B A9 NH,-N AL TP IS (BE 4 34 FA4T), BEEA P ImA 1%
EA7, RJEBRE SR TE IR KRR 25 4 (25 %6 150 rmin ') IR 7% 48 ho S, BUREDNSE vE W
NH,"-N 5 TP (i BT ¥ B2 . Jf-fif ] Langmuir(X (3)) #1 Freundlich(zX (4)) 55 Wit WK BB B 174006

quLCe
e = 3
1 1+ KLCe ( )
ge= K:C." “

KA. o, MW T NH,-N/TPAY Ml i g W, mg L' g, -1 B 45 38 i i i B &, mgrg's
G NS HE T I KT A W M B omgeg s Ky oA Langmuir W Fff 4 %%, L-mg™'; K °& Freundlich W% fff &
B, Lmg™'; n b5 0RO EEA DG B

JIT A S5 A A0 S B0 A R AL AR A SR KB VRO R . SR MERBL O B R A IS e,
AT IEIT I 200 HAf . 485 M X G2t L F BB IS (Y (XPS, Thermo Scientific K-Alpha, 3£ [E) Fll
HAl i 7 WU 454 REIE{Y (SEM-EDS, ZEISS Sigma 300, £ ) 3 I3 BF 4 #£ & . ] Origin 143
U B (XPSPEAK) #EATEUHE A0 3, 73 By XPS (W45 2R .

3) AR S BT o E RN R M Y 30 em g A AR L T O A BV 45 B E I RE . O TFRCE
Y BETE 4 Mo A RE &L FH 338F(5'ACTCCTACGGGAGGCAGCAG3') 1 806R(5'GGACTACHV
GGGTWTCT-AT3!) 5l #4741, S8 )5, i FH QuantiFluorTM-ST(Promega, 3% [H) & b4 14 ™~
Yy, If-1E MiSeq PE300 - 5 ("F E L) LabAr il . A T oA E 2, Bk E B )F 51 %
1R 97% HH LI SR 26 M #RAE 325050 (OTU). SRJ5, (M 70% B{EXT 97% AHAEE /) OTU {3 )5 41 ik
oy M fh 2R o [6] B0 KEGG B8 28 X 01t A G il i) 22 35 DR 21 1 45 7000 An i B, LA
PRiF CW-Fe Fil CW-Mn H A9 &AL
2 #BR518
2.1 AEIALE#HTEMERIR

1) SRS A RO K 2(a) 7T, CW-Mn Fl CW-Fe i NH,-N £ BECR LT cW-C,
A SR WIN], CW-C Az 7 A R e, H NH, N 3 K B R 19.15 mg L™, LKBRERN



1444 EZ ) (I 517 4%
25.30%(ZBRHFE N 0.44 g-(m*-d) ), 30 . .
16 52 W 10 45 14~67 K CW-Fe fill CW- 25 UK SRS o““‘&«‘,o“,o O

Mn [ NH,'-N H K i #E 53l th 11.47 mg L
H16.86 mg- L™ ZF WG MF] 15.42 mg L™ 1 18.13

Nk /(mg - L)
G
T

mg-L™'o BX AT B8 N Bk A AR 67 X NH,-N o 5
(49 W8 B4 T FE 2 s s 7, o, 7R 58 d, Z %020 40 60 80 100 120, 140 160 180 200
CW-Mn [ NH,-N £ BRYCRIL T CW-Fe, X ()Jljlfﬂilli//i S
R TR A X NH, N B LAk )

30

1£ 67~140 d, CW-Fe fil CW-Mn 1 /) NH,-N
KB R R R R . CW-Fe 19 7 24 NH,'-
N K B W E 8 1535 mg L', EBRERN
39.93%(E R HE N 0.72 g-(m*-d) "), CW-Mn
[ ~F- 15 NH,-N H 7K 5t & ¥k B2 o 18.11 mg-L™',
FBR N 29.15%(F B # K 0.52 g((m*d) ).
CW-Fe ) NH,"-N 2R CW-Mn /5 1 10.78%
TE L8638 17 140 d J5 , CW-Fe 1 i) NH, N i1}
K BT vk B A W T B, F) 180 d I H NH,-N
KRN 9.97 mg- L', B3N 62.40%

o %
251 X

W/ (mg - L)
S

=L
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—_

S
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Fig. 2 Changes in effluent nitrogen concentrations in

different CWs

(LB R R 1.16 g-(m*d) ™). MM 7E 140~180 d N, CW-Mn [ NH, -N -3 L BR R by 35.4% (% bl %
9 0.65 g+ (m>d)™"), HHT—F B T 6.25% WRIE Lk, ERASLIHMN, B THS8d, CW-
Mn /i) NH,"-N 2z B 80 R f T CW-Fe, H 4B 5] CW-Mn ik T CW-Fe, Bl i Mn(IV) 1 & 1L 75 1 H
Fe(IIl) B K,

TERA SIS R, 3 4N TR J7AY NO, -N Hl NO, -N /K i = i /N T 02 mg-L',
TN KB e B 55 NH, N A K 5T v B 1 A8 fb i 3543 AL, i 7K TN 9 22 R4 3 NH,-N,

2) MR E AR . B 3T U, 3 4N TR A TP /K BB A X RS E . CW-Fe FPF-34
TP H K R H R 0.97 mg L, L BRHR N 79.97%(EFR#EF N 0.27 g-(m>d)'); CW-Mn 1 TP ¥
WK R EE R 023 mg L, JBRFE N 95.26%(FFr R K 032 g-(m*d)™"); i CW-C Y TP -4 1
KB R R 477 mgLt, EBRR N 1.4%(% BRI F N 0.005 g((m*d) ). 45 KW, CW-Mn i
TP LB R, Fb CW-Fe f& it 15.29%, i CW-C i TP LR i 22 . fEIR K, B0 4G
SR Mn?' . Fe R Ca 5 & B FHE 1. X264 )8 I 7 58 BRih 4 A% sl A e i se , Maminl
A R 2 B TP AL T8R4 4 TP BYFE T, X e B o =0 A 207, an SR B AR H 7K K 8 6
TP B 5 e FE A A i A R, B $ CW-Mn, [B USR5 K i TP & W BEAR AR, 7T L% JE vk 4%

H

>~

CW-Fe, [H i CW-Fe i) TP % i Wik 3] T e
79.97%, TEH B AT MR T E, B D s
E— 45 R I 0 1 R A g
22 HE g 2
D bR R RSB IS S R S

E o . . . . . . . . . )

PEE 4 Ry gs g, AT TP A NH, N W% BfH:
REfcty, R, WiekaX) TP il NH,-N
JLF AWM. X RUITERT 67 d, CW-Fe
CW-Mn " NH,"-N £ BRJCR 998055 5 2™ F 4

0 20 40 60 80

100 120 140 160 180 200
iafrifal/d

B3 AEALEMEKTPREZL

Fig. 3 Changes in effluent TP concentrations in different CWs
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012 w g7 . 0121 g
0.10 - ® BwA 0.10 - @ %W A -
- A BRA r A BRA
~ 0.08 ~ 0.08 |-
o0 3 b 3
o 0.06 5 0.06
g I g E [
T 004 — B T 004 ¢
i - - - i Léngmui?
0.02 5 0.02 C - = - Freundich
0 0+ A A
[T R S R R SR S B T E TN TP T R R
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 . 60 70
W B i) /b P R /(mg - L)
(a) AN[RIHEFONH, -N R 5l g 2% (b) ANJF] 5 NH,-NF 0 B 2l 2
0.045 F m 4757 025 m 4w
0.040 @ kg i n [ @ i —-— ™
0.035 - A w7 o 0.20 - A g
=~ 0.030 R ~ sl
:.:2 0.025 o ° ° ‘°° ' Langmuir
£ 0020 [ o -—@==---"o - - - = g 010k - - - Freundich
< 0015 — By =
0.010 - - - - 0.05
0.005 |- r N
O O_|,|,|,|.|.||.|
0 5 10 15 20 25 30 35 40 0 20 40 60 80 100 120 140
W B R P/ (mg - L)
() ARSI TP IS J12% (d) RIS TP 2

B4 TEIEBR NH,-N 70 TP 89 0% M zh 11 5 AR M iR
Fig. 4 Adsorption kinetics and isotherms of NH,"-N and TP onto different substrates

WX NH, =N (9 W% B 46 AR G . % @ FLZE™ %) TP FI NH,-N A4 W R34 45 & v — 2 gh fy 2 ma iy,
R BRFWe— R h SRR 6B W B BRI 2508 by Al W B, T A & 3 /8 ac i iR S 1T
W 1E] TP (14 32E 7K A1 M K o & ik i, AT 3FAE Y CW-Fe #i1 CW-Mn 78 180 d I [H] PN i TP W Wi £ 43 91
455.8 mg Fll 544.6 mg. B FN B XS TP e KV W Fff i g, 2304 0.23 mg-g™' F1 0.09 mgrg™', CW-
Fe 1 CW-Mn JEH: fix £ BE WM TP 657.6 mg Fl 1 034.6 mg, SLHiafT45 I, CW-Fe H TP W
Hf KW Bt 1Y 69.3%, 1 CW-Mn K 52.6%

2) Y iz AT S B AR T AR o XPS A AT AT LA Ik A T B4 oG 2R 2R 4 JE SR TR IR S i AR
. B S@) AT 0L, 24> Mn2p,, W23 542 T (642.120.1) eV I (643.4+0.1) eV, 43 51148 Mn(II) Hl
Mn(IV) AP TR 65 Ma(IV) & i (62.6%) = TR A &R & . REJE, Ma(IV) & &IEA T
[ . Felp,, Fll Fe2p, BIAFAE W B 45 G e 43 0 A 711.7 eV 1 725.3 eV, Fe2p BUIE G (2p,, F1 2p,,) Z
W] 25 G RE2ZE R4 M 13.6 eV, Xt T IR (Fe,0,) HHR'2Y, S5AfEdE P AE 719.1 eV a4 B TL R
fRF WA Fe,0, ALY, 1M Fe,O, WA XA TIPS o™ i I T2 07 I by 5 H %, vl
Fe(1ID) Ja} Fe(l) %% 4k, X5 Fe(Ill) & /DAY 45 R —3 . Rk Ols MY 45 5 HEN 532 eV, ANIE 5(b)
FE Sy B, ok AR EZEIE A Ols Jilk 9 o0 i il 3 il oy, r A i S8 il o g I 339 — o 7
MAEfE . XPS RAELE LW, S M4y EiRb ZRa bk A T2k, mO0 SRSy
SR 7 Feammox 1 Mnammox S i $& (B T2 1, g IR S &9 .

AHIESE R AR T R SR KRR A, BT RS M IEAES), B A 25087 4k
AR EARAA ., 3R 1R, B8P H Mn & BAE 12.5~14.0% Z (8], 1 48R0 FS0 56 5 1 2k~
) Fe &t 535 0 58.4% F1 55.2%. Hi A Mn & 5 20 R 20%. 20 A 5 e 17 Fe(ll) & &,
AT DL R R R T 2 T 2R . AR 2(a) BT, 60 d )R, MARET SR AT X NH, N B AR R
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— WA o TR
Mn2p,, Mn(I11) — A
Mn2p,, ~ - Mn(IV) Ols - o>
OH-
17.07% / 45.59% -- HO
13.88% 79.82%
. P 17.69%
i A ST
Mn2p,, Ols
30.09%
79.79% 15.42%
BRI - 4.79%
- 4\ ) 2 S 171
665 660 655 650 645 640 635 630 538 536 534 532 530 528 526
ZE{vhkleV L5 fEleV
(a) HGH Mn2plyXPSIEiHL & Mk (b) £ OLsAIXPS IR A 12k
- JR AR
- AR WS TR
FeZp, 50.17%ev2p3'2 —m%ﬁiﬂﬂ iﬁﬁ*ﬂ
=\ 2:24% ‘ - - Fe(Ill) OH-
: Fe(I)
TR -- HO
28.00%
SR
P g7 14t
| 681% 50.97% 16.15%
NS e LR Ok
740 730 720 710 700 538 536 534 532 530 528 526
Rty EptyiiaY
() Bk Fe2pyXPSHEilibl & ik (d) A O1sHYXPSHEIE I A i 2k
5 FAEIALEHH &S Mn2p. Ols F Fe2p BY XPS JEi il & Hhisk
Fig. 5 Mn2p, Ols, and Fe2p XPS spectra and the fitting curves of samples in different CWs
% 55 B}, Feammox ¥, Mnammox /5 NH,-N 2 F1 ERMABNEDSER
A} AY >, 9
Bt 1 3 S M f . FLh Fe (110) B Mn(IV) 1 Table 1  EDS results of substrates Yo
SEAETIFEHEM., FAUDS E 5 T JEBTR R 0 Fe Si Mn Al
Mn(IV) &, T LR S TR i, {2 IR 603 56 176 140 25
YENH,-N 19 LBr. 0 A Mn & & H1 Fe % & S 574 58 207 133 29
A1 5 B i VAT W 2> 5T R 5 b A IR 1 4 56 58 LI
f£F Fe(IT) i HLTE A1 MnOx Xt Mn B - 14 W B S R 292 552 80 48 238

FEP
2.3 WEMEE

1) e Y RETE S5 09 A8 4k . ANl 6(a) FiF s, CW-C. CW-Mn fil CW-Fe H1[ 1K i 4= Wy 1
V&, Proteobacteria, Chloroflexi 1 Actinobacteriota £ JER & . 7 CW-Fe W', Firmicutes W) F &
(18.3%) 1 CW-Mn(7.41%) 5 CW-C(8.25%) I 2 fi5 LAk Lo A T #E— 25 W 52 Il 2 W0 76 A 6] N T8 b v
BIVERH ., 7EJE K B M 730 Y W B % 40 il (I 6(b)). 45 R 3R B, Propionicimonas F1 norank f
JG30-KF-CM45 j& CW-C, CW-Fe 1 CW-Mn Hrat[F {3 JE , HIELFEEAE 3 44N TR b 3% A7 I b 25
5t . norank f JG30-KF-CM45 () £ £ 5 TOC & it 2 i AH ™), HAEZHAAN T BT FEE R
3.4%~3.8%, W] 3 A N T8 B7EAH R BBk 254 Figtt. fEFERT 1S WIE ™, Firmicutes 1T
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0.02 | 0.03 | 0.04 | Brevundimonas
000 0.04 001 | Sporosarcina
0.05 | 0.07 011 | Pseudarthrobacter
002 0.16 059 | Pseudomonas
047 033 112 | Terrimonas
IS 166 044 060 | Ahniella
@ LI8 057 055 | Gaiella
H‘ 138 064 096 | norank f 67-14
LN 002 | 065 007 | Planomicrabium
< 1.06 066 088 | norank f norank o  PeMI5
EE 092 067 106 | norank f norank o Microtrichales
100 0.00 | 0.78 0.14 | Paenisporosarcina
0 163 083 106 | norank f norank o_ norank_c_OLB14
— 005 | 083 031 | Acinetobacter
I I I 093 087 108 | Romboutsia
77777771 1.24{ 079 093 141 | Ferrugimibacter
30 142 096 1249 norank f Saprospiraceac
125 098 130 | norank f Bacteroidetes vadinHA17
d others X i 248 I norank f norank o SJA-15
—| [ Verrucomicrobiota norank_f _norank o 1-20
— —— @ P]anctomycemm 3.72 nurankﬁI'inurankioin‘nran!aicil(l]/l—% *
E Gemmatimonadota nurank‘f _norank o CI0-SB1A*
< 60 4.96| unclassified f Propionibacteriaceae
8 H Desulfobacterota : Ficiibaciilus
N Patescibacteria Clostridium_sensu_stricto 13
:‘_ L @ Acidobacteriot 6.20 norank_f Gemmatimonadaceae
il ciao c{c eriola norank_f  Blastocatellaceae
= [ Bacteroidota Trichococcus
= 40 & Actinobacteriota norank_{ norank o Saccharimonadales
N . norank_f _Steroidobacteraceac
Chlor Qﬂe‘xl Exiguobacterium s
Firmicutes norank_f__Anaerolineaceae
W I:l Proteobacteria 21 norank_f__norank_o__Subgroup_17 *

/% norank_f__Caldilineaceae
20 norank_f__SC-I-84

0| norank f norank o SBRI1031

22.51 norank_f JG30-KF-CM45
20.13 16.81 . W Propionicimonas
Bacillus %
CW-C  CW-Fe CW-Mn &

(a) IR IR (b) JRIKF- T YA PR (*P<0.05)

0.08 -

V77 CW-C
CW-Fe

0.06

0.04

AN /%

0.02

| el

nxrA nirS nosZ norBCnarGHI napABC
(c) ARSI REFEH F 1
Ele AR AIEM IR KT T B R H4E AR R T30 B K Th sE B [ 43 75 [
Fig. 6 < Microbial composition at the phylum and genus level, and distribution of predicted nitrogen metabolism functional
genes in different CWs

0 ]
nifDK  hao

) Bacillus F1 Exiguobacterium J& i) ¥ B A7 i 3% 25 5% (P<0.05). Bacillus /& CW-Fe 11 3= & 7 = 19 )&
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Abstract Both Fe(Ill) and Mn(IV) oxides can oxidize and remove ammonia nitrogen (NH,"-N) under anoxic
conditions, and these two technologies are known as Feammox and Mnammox. Additionally, metal oxides also
have the ability to remove total phosphorus (TP), making them a promising option for use in constructed
wetlands (CWs). In order to compare the nitrogen and phosphorus removal efficiency of iron ore-based and
manganese ore-based CWs, three groups of CWs were established for this study: iron ore (CW-Fe), manganese
ore (CW-Mn), and a control group with gravel (CW-C). The experimental results showed that both CW-Fe and
CW-Mn had better nitrogen and phosphorus removal performance than CW-C. Although manganese ore had the
strongest adsorption effect on NH,"-N, CW-Fe exhibited a superior performance on long-term removal for NH,"-
N. Even after saturated adsorption to NH,"-N by the substrates, the removal efficiency of NH,”-N by CW-Fe
remained at 39.93% to 62.4%, while that of CW-Mn only remained 29.15% to 35.4%. Because metal ions
dissolved from iron ore and manganese ore can combine with phosphates to form stable precipitates, effectively
removing TP, both CW-Fe and CW-Mn showed the excellent TP removal performance. The TP removal
efficiency of CW-Mn was the highest, at 95.26%, followed by CW-Fe at 79.97%. In terms of microorganisms,
Bacillus and. Exiguobacterium, which have the potential to reduce iron oxides and oxidize NH,"-N, were
significantly enriched in CW-Fe. Based on the water quality data and analysis of nitrogen-related functional
bacteria, it was speculated that Feammox may be more likely to directly oxidize NH,"-N to N,, while Mnammox
is more likely to first oxidize NH,"-N to NO_-N. This study provides a reference for exploring low-energy
wastewater treatment processes that achieve simultaneous nitrogen and phosphorus removal, as well as selecting
substrates used in constructed wetlands.

Keywords constructed wetlands; Feammox; Mnammox; nutrient removal
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