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20 3 0 4 e B LB EUME RE R A Ak s 24 DF ot v 4k WU RO AR B8R o 4 1, HCW 2 5 AW 1 345 8 A0 45
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TN LB R CW ik 2 FEAE ()55 5 I K IR B2 AR BRAGCR , V3 e mir A 52 h R E A i B A T
TN TR (HCW), SR IR i £ 8 468 R 43 Btk /K 3 it O Ak 1710 2l EURLZ 35 40 (DO) B AT HIL Ak T
IV BE Je A3 A, AT ANAMMOX 1E H#E RGP R LUk A, I — @R B Seal T H 5 s
EIVER . SR, WFFC4sRIEINE R, % HCW M E A RE W AL, H NH,-N &1k fg S w1k .
AT AT, NO,-N Ay SR B B 4 52 il Ak 1 F5 AT ANAMMOX 2 g A1 847 A A #2012, 4 NH, N
AALE R Z P, HCW BB AU RE A T AL KU . 25 Tk, A B R — 2 #5 it $2 55 HCW i B A
PERE, DU AT BE L 4E 1% FR G0 R KT G AL PR B S TN LBR 36

R T AL CW T AR EERE, AR siEd st ZaEE R, ik RGEH A LR Ak
WA A HE it A P DR Z (1 DO, SR M, B TFBAR I S AR E S CW ARG ik
17 2% FH R 38 B I ERVEME BE 2 w8 o SR KU VR — Pl sl 3 40t , IR AR 9 ik T CW P
TocE R AR, BTz &R N E ABCRED, EEE HCW HhAh i 18 BRI 3R XA
N AT b 2 R T R SRR B, BRI T TR R Ak B 1 1 K B AE A A Ak M RE AN 1 TR
B, RSB ARP AR @SR HAh, SRR B IR AR K AR B B 18k, Aa R
$EE HCW (W s 17 3% FH SR EXERE DY, IR B Tz He R iy fE) .

AT 7T AT A HE A 20 3 28 HOW S 6 8, TN %48 T XS A 5 F HCW 16 T B Ak B g
Yl KB I AR . A T XL S R G T A RIS 25 M RRAE , HEST T HCW Jid U1 fig
HAAEY F R e BN C R, JFERMIT T RE T MIESAZNEERE. AFRgs R
115 43 28 HOW 3 85008 &0 8 1) 4 3 4k — b 7 oA R s =X, i ofn L CW T2 i it
K TR RS 2%

1 #Rl5RE*%
1.1 LWRE

izl HCW 2 PVC M 5T, FAVANIEL 1 fros . WA 1 AT, HCW H 2 ASFHRon SR Bk, %
HE5 7K 1] B9 R AP 20 0 Bk iC o R )3 (DF) BROC AT L W3 (UF) #oc. Hd, DF ook & . %
FE4rml o 1.0, 1.0 M 1.2 m; UFBITIK . SERE 510 1.4, 1.0 fil 1.2 me HCW [ i /K 48 2 3¢
#£ DF BooTER, HoK & T3 UF BocHUR 2R ML T 45 em &b, #E4h, UF BRITJRH 55 347 40 i
o 2 MHITh BB 100 om B EURZ (LB R~37%), HEIKH R 20 om JE 1 kA RS2 kL
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Fig. 1 Schematic of HCW with step-feeding
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R 5~10 cm), "PEBR 70 em JE A IR G BUR AR (A RELL R 101, B2 R 1~3 em) K LR K
10 em JERR R A2 B2l 5~10 mm), HIORHZ R E PR35, RO N 16 #k-m™, HEHZ
) K AT R BE AR E AE 55 em

#£ HCW [ DF BoC 38 50 i R WA, 4k KUAE (PVC M 50 1 BE TN A% 43 51 R 120 em Al
5cm, DU JE U BE USON 1] S5 HE (=5 cm) W E A S mm /NFL o AR HE R XU A 18 B0 9 OR R HCW il
Iy R 3, FAHWRE 3 TATI S, 341 HCW 20 AR08 HI(FE 50 K 0), H2(f iR 5o
2) B H3(f i 2N 4).

1.2 kKR

A3 HCW WK 43k 2 8B4y, — R4 2E 7K hy 28 2 990 4k B0 R0 A= Ak A BRG34 3 R K (hic hy
#EsK ), HHrCcoOD, TP, TN. NH,-N. NO;-N Fl NO,-N /9 Jii & ¥& & /3 5] 2 (56.43+22.55), (2.22+
0.61). (47.16+18.48). (30.58+13.67). (15.57+9.73) 1 (1.15+0.94) mg-L™'; 53— &R0 & 1E M ANt 5 1Y
TS TG K (BRiC MRk ,), o cOD, TP, TN. NH,'-N. NO,-N #l NO, -N {J Jfi & % B 7 5] Ky
(215.72+8.60). (5.66£0.28). (51.99+9.27). (40.79+8.90). (0.77+0.14) Fil (0.72+0.08) mg-L',

1.3 BITEH

K HCW B DL G2 1T T 120 do HIED, DAAETE V5 K A AN IR, %o Hejit in 43 B i /K 55
o ELRERVET N B, B KA ARG DF $uo0, T E EEK, DR A i A 4 DF B
JCHURHZ s WA, kK, B R A HCW 1) UF Bot, %32 K 5% H DF Stk 1R
G la U b i 28 UF SRocliobt 2 . b, 3K, B S HK | B2 LU gt SO 3 L o FE 5
e, K4 HCW (7K g Bt (HLR) 5439 L4 2 8 0.15 m*-(m*-d)™" Al 1:3, LA T 5856
BEE M H HEK & 360 L (HPiE /K FagksK, AR50 270 F1 90 L) , Hiksk COD. TP, TN. NH,'-
N. NO, -N F1 NO, -N 1 faf 73 51 & (13.92+1.86), (0.48+0.04). (6.45+2.20), (4.55+1.52), (1.67+1.04) Fll
(0.12+0.06) g-(m*d)'c 3 4b, SEH A4 HCW Hrig K KR R (14~23) C.

1.4 SDhFEE

D) KFEREE M ¥E o B2 d RER LB IEH AOKFESEAT 08, RS BEE 3 F4T. KB
COD. NH,-N. NO,-N., NO,-N., TN I TP ¥ & (i illl % ¥ 2 B /K AR /K W il 43 87 7 3% ) R
4 RN, SEUREZ Y K TR A 4B AR I T HL A (ORP) B35 1) JFH A58 485 XK B2 73 B AR A 7 S A8 0 o o

2) HUBLRE LR AR . X T4l HCW, AEBE 15 d 78 HOAS [ B0 A9 K W] (B DF 300 3URHZ DA
5. 25,50, 72 F195cmAb, UF HLITHUEHZLLIT 20, 45, 65, 85 Fl 95 cm 4b) SRR &, 1
Je B FLHEAT IR MO HT B UCRAE 8 IS B S 0 R OB AT R T

3) OB E A A R bR . FH NH,-N 5 BR#R (W(NH,-N)). NO; -N 2[R # R (»(NO, -N)) Fl
NO, -N £ B % (W(NO, -N)) fiij 2 SEURHE 5 I R MEBE 3 38 A5 4 31 2 BRSOk S b Al e o % F
B DF BT BUREAS bR 48 BRI i B 9 5250 FH /KR A aEK 5 1% B E UF BT Y E0R R
A, A& TR AR I E B 52 56 K R FH DF $ocHEZs 38 oK MK, IR G, 1RG0 W& R
H 31,

4) DREIE R E /0 Hr o (] DNA 5 & (D5625-01, Omega, USA) Xt EURHE i Y DNA #E47
PEMAAl, FEXF T AR A% TR VR RN 4l AT R, T S X DNA FE R 2 5 A4 0 0 R AR Y G
B BE LA (B amoA . hzsA. nxrA. narG. napA. nirS Fl nirK) #£1729¢ Y6 %2 5 PCR W & . 70 #71 B
X454 Applied Biosystems StepOne™, > ] SYBR Green 1 256 4k g A7 M1, £ D RE3: H Ay 47 4
KRR . BIWIFR2E T R 5% 1435 2 BESCiR™

5) 3 F 16S rDNA ) Hlumina “F- 75 = 388 G 00 77 o %F SEORERE 5 1 47 88 75 b B2 5 R FH e 08 1 29 4%
(Scilogex MX-F) X H#E 17 15 g A 3 (=5 min). WCEE i 7% 1) £ W BB AE T T-20 °C UK DR A7, il &
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BB 58 UG ¥ BT A W B R A B A YR A IR A R AT A B Y . DU A B
J& ., H4E Barcode J37 41 X 73 5 FEA B, iE AT iR B R U8, f%ﬁﬂ_IﬁH?Ff;ﬁﬁE’VﬁxﬁUéﬂE Rp
Clean reads. A T WIS FE AL NP FH AL Z R0, XTI A FE A 1) Clean reads #E1T R 28, DL 97% B9 —EL
PR PRI K OTUs, SR X OTUs 4R35 51 47T 9 0 0 B 43 2 M o
1.5 HELIE

% 1 SPSS 28.0 Xt B4 4TG0 143875 % one-way ANOVA #EAT )7 2243 #F (P<0.01); %% 4
LR BB R i A R A R (M ) SR AT Re BE A A (A A8 i) Z M) A9 8 B e B G &, i
Je B A4S R BN 4 B A 6 DR AR d fg AH X B M SR A Origin 2021 7EIR, 18] A AH 56 80 8 F-
VAR AERE 5 SO T G 2 50 004 S5 46 A 0 T H 38 5 1k 1 2 BRSCR Y
2 #BR512
2.1 EITMERE

WA 1A 2 Frzn, HI, H2 F H3 B0] @ 2 i gt K b g A 0L, 3 2% & oK P iy COD i
Iy W) Fa RE FE (23.12+7.53), (23.38+5.46) Al (23.87+7.44) mg-L ', F COD Z B i fiF 4 i XF A
(10.45£0.92), (10.41£0.99) 1 (10.34+1.20) g-(m*d) ', CW 1l % E & &3 A LY L BRI feP?, A5z
WA R St siic—3. SAIY LERIERIEM, 343K ﬁt’ﬂ&ﬁ%&i*ﬁ 1) TP RBRACE, Hili
KA TP M EE AR T 020 mg L't HCW #4 BUAF f 1T, 3 21 32 40 = A0 Bl i ) vy 2 22 U5 19 3
BHZ R PR, SR T PIERATA, SRNE WA AR & N 3 ARG AEA LY A TP LB 7
225 .

FE LA 2 ], 34 HCW M A fE 2+ B3 . HI X3k P i TN 5 NH,-N 2B 7 fof
I3 BTN (2.4220.65) g-(m*-d) ' Fl (1.03£0.29) g-(m>d) "', ML ZR S8 H 7K TN ) ik (26.84+6.39) mg-L!
H F LI NH, -N(=(23.44+5.79) mg L) JE X AFTE . i KA 5, HCW 19 &R 5% A 1t BB 15 31 2k
o Hod, YIRS 40, H3 A9 TN FINH,-N 2B 07 fa 20 91 36 = (4.92+1.55) g-(m>d)
1 (3.86+1.19) g-(m*-d)™", ZEE /K TN, NH,-N, NO,-N Fl NO, -N J&i & i & 73 7l & (10.2242.62) ,
(4.58+1.35), (5.31+1.28) F1 (0.40+0.26) mg-L™'. H & 2 A1, Xf T 441 HCW, I DF HICH UF $7T:
T URE A 1 R R S A A BB B Bl TS K T i W AR REAR . b, XPFECE DF SLoT i BORHEE &,

Fz 1 HCW HkKkR
Table 1  Effluent quality of each HCW

TS KRR/ (mg L)

R 2 Ay N - -
CoD TP TN NH,"-N NO;-N NO, -N
H1 23.124+7.53 0.19+0.07 26.84+6.39 23.4445.79 2.43+1.46 0.99+0.23
H2 23.38+5.46 0.10+0.05 22.36+5.32 14.34+3.94 7.30+£2.82 0.81+0.13
H3 23.87+7.44 0.13+0.04 10.224+2.62 4.58+1.35 5.31+1.28 0.40+0.26
#2 HCW SEMERASG
Table 2 Contaminants removal loads of each HCW
) TP LR (g (m-d) ™)
TR 2 A
COD TP N NH,"-N NO,-N NO, -N
H1 10.45+0.92 0.45+0.03 2.42+0.65 1.03+0.29 1.30+0.50 -(0.03+0.01)
H2 10.41£0.99 0.46+0.04 3.09+0.71 2.39+0.48 0.584+0.23 -(0.02+0.01)

H3 10.34+1.20 0.46+0.02 4.92+1.55 3.86+1.19 0.87+0.32 0.06+0.02
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Fig.2 Nitrogen transformation performance of the HCWs

v(NO,™-N) Fll v(NO, -N) #j<0, B DF H.oo#F A fb NH,-N (W [ i, Hf g4 T — 2 2 E 1 NO,-N

P MXTTHCH UF Boory SR &, H v(NH,-N). »(NO; -N) Fil v(NO, -N) #j>0, #Eill UF H#.oc

AISEELHR NO, -N 5 NH,-N [0 LBk . AR R, RXEMMdE S 7 HCW i HoT

MR FE AR . 76 H3 /Y DF BT AR ik 4 iR XA 5, B A IZ A s BURZ RN 5 om 2 A FEAR

) v(NH,"-N). v(NO, -N) Fl w(NO, -N) 435Il ik (5.58+1.04), —(4.20£1.66) F1—(0.91£0.32) mg-(g-h)'; It

I UF B9850 i Ab EURHRE AR (19 w(NH,-N) . v(NO; -N) 1 w(NO, -N) I 4351l A7 (5.26+0.39) . (4.52+0.73)
F1(0.96+0.18) mg-(g-h)™',

NERSE 3 4H HCW AT 22 57, 5T & RS ORP HZE 4L (K] 3). CW 1 By S R85 w]

I HURHZE T ORP (ERRAEPY, LIAEP 48, 4EORHZ Y ORP {H>400 mV B, CW &b T 47
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Fig. 3 Spatial variation of ORP in each HCW
SR M ORPHFEE-200mV AT 5, RGA TIRECRE; % EA T-200~400 mV i, 5

GMAL TR AR S . T HI,

4 H: DF #.50 /Y B2 3R B  0~45 cm I, X )i /9 ORP {H

—67.6~159.4 mV; Ffi5 HORHZ R N, ORPEAK T, BRI EE W ; 16 ERZRE A
95 cm Ab, %X AY ORP E B [ £ —(297.2+5.5) mV. MK 5, DF HI0H 1) 3 85l 15 3] —
SEFERE R . MRS A B R 4 B, 76 DF FROGIECRLZ IR A 0~45 em B X 38k, XF W ORP {H
9 8.3~297.8 mV., SR, MHURHZIRE RIS 65 cm i, 4% DF B i X 8 AY ORP {E 1% F-200 mV,
R REREE . 5 — i, HXE B ARSI UF o SR A ek 4s, H 3 41 UF 3ot )
A AR T A B 7 S T 1] TS B 5B 25 ), X A ORP {1 —308.7~—82.3 mV, i A B TiZ Bac

A4k 2 ANAMMOX S5z 1 B 4k 45
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bR EE AT, 2 HOW TR BE AL B 7 K i, 52 480 7 AS 2 R A R s 208 0 280 1) < b 2
I PRGN AR E AR PR AR B T3 X HOW Bk <R 55, 7E 3 XU 1) 38 4
YEHF, DF FICHR 2 e A5 20k, RGREZ AR HAR TN A NH,-N LBREcR. H
Hr, MR R A B O 4 B, H3 B ATARRE R AR, KK (BT K AL EL S Y HE
FRAE ) (GB 18918-2002) —4% A ¥ .
22 WEDEEEN

K 4 FiR N4 HCW H I UAE DR 450 . (i B 4 ml 0, BUE HI B4 DR A dh 9 8 34 i TR

12 - 12 -
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Fig. 4 Relative abundance at genus level in each HCW
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f.¥5 Nitrosomonas . Nitrospira. Thauera 1 Candidatus Brocadia. Nitrosomonas F Nitrospira 43 7| 3 J&
I A A A AL TR (AOB) 5 LA R £k %A fL T8 (NOB), J&Z 514k [ i (NH,-N—NO, -N—NO;™-N) 1) 2 Fil
TIRE W JE . 7F DF o3k 2 W E i 5 em &b, Nitrosomonas F1 Nitrospira W) ¥ X%t & & 43 51 K
4.39% F1 3.64%; 1M 5 W9 0 1) =F FE Bl TS K IR I R R R . FE HCW KA b, AR X 7 SEURHRE A
HH R AR X 5 53 I B 2 0.20% F1 0.24% . Thauera WL &5 45 RAS AL TR, 0 2 il A= W T A i 480 a8
AT NO, -NIB P, W& 7E H1 g 28 Al B4 Ff ik % T LR 2 )& . 7 DF oo,
Thauera TEIFURHZ T &7 L2 BN 5 BRI Ae 0, 7EIEDRHZ R EEZY 25 em b, X TE & B AH X 3=
FE 4 1.31%; 7E UF BAJTHY 43 T8 BT X3, Thauera 78 EURHEE AR H i AR XTS5 5 DR 7K, B4 0 i 5 1
F 8.48%, WA NIHE T K, hHel i o MM ALY . ZIEMEE TG KE 2 AKEL, &R
Ja& AE X B DX 3 Y S B K B 0.82% . SRJ® T R W 1] (Planctomycetota) W) Candidatus_Brocadia
JE—25 AnAOB™, 7E DF HLou IR 2, T & (1 AH X & i 4k T3 [2(0.58+0.18)%]. 4K
M, 5 Thauera (") B ARG FRIEZS L, UF oo kK, MR AW T Candidatus_ Brocadia 1) +F
B, R R AE ST U A W AR B R T 2 5.29%, FIHIZIX B ) ANAMMOX 1E 15 DL fb . 4K
IS Y A1 B AT 2 = HCW 5 Xl 9 3 40 0 R 2 e T T 1 8 B2 (11 4). U HORE 4 B4R XS i T
H3 )5, 76 H DF BOuERZRE N S em &b, FrREREA T Nitrosomonas F1 Nitrospira A X} 75 &
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Fig. 5 Absolute abundance of nitrogen transformation functional genes in the HCWs
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Table 3 Quantitative response relationships between nitrogen transformation rates and functional genes in each HCW

jizs: et BN W H T R PlE
v(NH,'-N)=1.03[amoA/(nirS+nirK)]-0.04(napA/nxrA)+0.57[ hzsA/(narG+napA)]+0.07 0.993 0.012

Hl Vv(NO, -N)=1.25[(narG+napA)/nxrA]+0.27[napA/(nirS+nirK)]-0.33[hzsA/(narG+napA)]-2.97 0.908 0.024
V(NO, -N)=—0.65(amoA/nxrA)-0.77[(narG+napA)/(nirS+nirK)]+0.42[ hzsA/(narG+napA)]+4.29 0.937 0.017
v(NH,'-N)=1.86[amoA/(nirS+nirK)]-0.11(napA/nxrA)+0.92[hzsA/(narG+napA)]-1.57 0.976 0.021

H2 V(NO; -N)=1.57[(narG+napA)/nxrA1+0.52[napA/(nirStnirK)]-0.73[hzsA/(narG+napA)]—4.27 0.932 0.019
Vv(NO, -N)=—0.51(amoA/nxrA)-1.14[(narG+napA)/(nirS+nirK)+1.13[hzsA/(narG+napA4)]+5.26 0.970 0.025
v(NH,"-N)=2.15[amoA/(nirS+nirK)]-0.36(napA/nxrA)+0.78[ hzsA/(narG+napA)]-2.95 0.899 0.022

H3 V(NO, -N)=2.18[(narG+napA)/nxrA1+0.76[napA/(nirS+nirK)]-0.58[ hzsA/(narG+napA)]—4.43 0.959 0.014
V(NO, -N)=-0.32(amoA/nxrA)-1.92[(narG+napA)/(nirStnirK)]+0.87[hzsA/(narG+napA)]+7.01 0.970 0.018
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Fig. 6 Relative importance of functional gene groups on nitrogen transformation rate in each HCW
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B gk, W H1 bRl BEAE /£ DNRATEFH o SR, 5 8 B 3F K PR AR 19 C/NCY, napd FEH 3 19
DNRA fE X HI H & B AL 5% w5/ . 55 — D7 T, A8 38 HR 4 SBHZ P i NOB & 5
AOB &4 DO, W &4 H NH, N %1k . H1 ) v(NO, -N) 5 (narG+napA)/nxrA . napA/(nirS+nirk)
I hzsA/(narG+napA) A ¢ . Hodr, #F 2 NAEEE ¥ IEA T w(NO;y-N), i 12 R 5450518 0.672 Fi
0.077. (narG+napA)/nxrA W] H1 o NO,-N By KBR ik 2 — N R AEAL/EH , 1 NOB £ J: 1 NO, -N
AT TR Rl R E P NOy-N B E N Z — . 53WrE, HI B NOy -N LBR A — & 7 B LK
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Effect of air duct on nitrogen removal performance of a hybrid subsurface
flow constructed wetland with step-feeding
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Abstract  For advanced treatment of swine wastewater by a hybrid subsurface flow constructed wetland
(HCW) with step-feeding and the external carbon source of domestic sewage, it is difficult to stably produce
NO, -N in the system owing to the poor reaeration performance. In order to ensure ideal nitrification
performance and high-level TN removal rate of the HCW, the air duct was used as a kind of aerobic facility to
explore its effects on nitrogen transformation mechanisms and the associated microbiological characteristics in
the system. The results showed that the reaction system of multipath nitrogen removal mainly relied on the
nitrification/denitrification process and the partial denitrification/ANAMMOX (DMOA) process could be
established in the HCW with step-feeding, which was consisted of a down-flow (DF) unit and an up-flow (UF)
unit in series. Noticeably, no significant changes occurred with respect to nitrogen transformation in the HCW
equipped with air duct, while nitrification of the DF unit could be enhanced owing to the increased aeration
caused by the air duct, and the abundances of denitrifying bacteria and anaerobic ammonium oxidation bacteria
(AnAOB) in the subsequent UF unit increased accordingly, resulting the strength improvement of each nitrogen
transformation pathway in the HCW, as well as its nitrogen removal performance optimization. Regarding to
HCW equipped four air ducts in its DF unit, Nitrosomonas, Nitrospira, Thauera and Candidatus_Brocadia were
the four dominant bacterial genera involved in nitrogen removal of this system. Correspondingly, the COD, TP,
TN and NH, -Nremoval loads of the HCW were (10.34+1.20), (0.46+0.02), (4.92+1.55),and (3.86£1.19) g-(m*-d) ',
respectively, resulting that effluent quality could meet class A standard of the Discharge Standard of Pollutants
for Municipal Wastewater Treatment Plant (GB 18918-2002). In conclusion, this study not only provides a
simple and effective approach to maintain high-performance nitrogen removal of the HCW, but also is
conducive to research, development, and design of the new type of constructed wetland.

Keywords hybrid subsurface flow constructed wetland (HCW); air duct; aeration; step-feeding; anaerobic

ammonia oxidation (ANAMMOX); nitrogen removal
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