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AR BBES T B 3 AEORE R A A iR X B A
AR B RERBCR

BT 2B R A, KA B Sk g, T
1. ¥ B K A58 DNA FEAR 5K 4 SR PEAS TR SO, B 2013065 2. I HE KK 54 be
g 2013065 3. LK AR B A R E, ¥ 200090

W OE WU X KA IR R A BT R BRROR B SAE R RERSCR T, AR .
W, WA T H A (CW-Z). WA+ W Bk (CW-B) LA B ik A7+ 1 (CW-V) S SRR IE A 3 /N B T8 3V b
SRS, RAANTIS KB K T A 24 h), £ 3FRFE AT, PR T AR ZERE X E 5758
MHT A F (B % w5 0 SDZ FI i LT B NFX) 9 L BRak SR . 25 3R, 3 i Jikk 25 7 19 1B 3k X SDZ(>60%) il
NFX(>90%) ) 25 B R H B 35 22 7% (P<0.05), CW-B Xf T SDZ I NFX #H B 4F 0y 2 Ab %R, R BR & & ik 90% LU
b5 CW-Z F1 CW-V Xt T8 G R BB LBR 55000 70% 1 50%. b, 763 M aEBs R mafm~, CW-BXf
T TP(51.99%~93.84%). COD(84.96%~95.01%) ¥ A # & 0 K BRF, CW-V X T TN G £ & (1 - 2 2 Br % (68.26%~
91.32%); 3 A HL R Ge X T NH,-N 9 25 B8 BE 75 75 42 S 19 L F C 324k, H CW-B /K I & (NO;-N)
FEAE 2 (NO,-N) & &= T CW-Z Fl CW-V,, ZE L ik, il A +4= 4 Wk 08} 1 b HL 4% [ B 7 3 R B K AR i
TP MPLAERBIWE S, Wb Ak A SR 18 b T DL R 2 R bR K R B TN, 40075 19 U £ g & S8 i AR 0 2
BRI S84 AT S A B 20 e s K N IR g R S

KHEIE WM BURL; BrXisYedr; AEkfnr; AR

AN T2 Hb (constructed wetlands, CWs) 1E N —Fp A= 5 A 4 1915 /K b B T R4 AR, PR & .
FRRSE . SRR, BT T ESMG KA BN IR R G R, H R AR A
e 7K g B A TS B W) R BR UG RO RE T, DL SR /IR o M AR SR A MR b ORISR b oK AR
SNAE Y Y LB A A R AE P R R IR B D AR B IERE, IR RE VAR TR, K A BRACR A
Ao i A SR RTC L2 B, T 32 N TR b () 75 /K AE BRAGCR | BEAREE I A4 iiAS . CWs R
R A PSRN A B A Th AR = B b o PR, B A [] S S5 AR A [ £ s T O e B Y 2
BRAECR, X 5y 28 v A DG B B2 R BTt L Ak BRAIOCR B 2 ORI R A G R
A A R A W B R R LR CWs EURE, Hh il A AL AL A e — R R AR BT RE, i T RS AR
BE, P E Mg Z M. STEFANAKIS S8 &M, WA . KILE & KRGy LAtk
s BHEE: 2022-03-19; FAHHEA: 2022-05-14
EEWB: ERKMAIE Y35 1590 BRHE KL I (20172X07207002); T RNZ 0 H (19DZ1204504); [ 11 = e 45 [ 7[R
23 B RHIF I H (202003129)

E—EH: M E (1998 —), B, B+ B A, aqualshl63.com; BRBEEIEH: LW M 1970 —), &, Wi+, #H#&E,
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IR B A BRACRY, (BX) T v S SRS e AL B RE R RO AR W B R R — B N T
Bh, T AN ey PR R UL g iz T, JIANG SR IR, AR B R AR A AL
BRBE 7R om0, AN [F) 28 BUSEOR N T 6 R B Vs e W ik AV 2 0 aY, H XK R
TS Y BRI D

PuA: 2205 G R KR B — 2B X6 Ts ey, AT S e KR A W VR A R T e, AT A
B — R KBS, 2w @R, g, 2013 FREVUAER DEHES S
16.2x10* 121, G AF 5V LB, R E K70 8 DL % 28 (sulfonamides, SAs) M if fili] 2% (quinolones,
QNs) R FEZI5 ey, il b Rk i 2R R A 5k B ARSI & B, e ML E VR B A e Y S R
(4 2R R 5 N 28 1% 24 0 RN & ol 35 K HE RSO G, IRl 5 7K 7= R 08 0 3 B A I ST AE R A — &
FBE . AR X i SR 7 IR A R K A A B, SAs 1 QNs J& 1% 7 58 37 37 i FE /K H RS I A R
v BE e 1Y 2 FRORTRLYS eyt BET, X BUE K HUAE R LR R Z, R A A
YL IR A Ak, S EA B 0 L BRI RE ORI, HXTK P S Bk hit A Rk B 8%, H
HIAH A 58 30 LA A UL

IKTPEFRFE A, FRBE AN R0 K 7 b b RIS [R) A9 75 58 7 2, 3 e K v Ul 7 9 T e e 22 031
Ko ANFVEFRG YA RN, AS[RIEURE A 78 8 oo 55 58 R K iR bt A 2 0 LR RO BB A 2
S0 BRI STUREZE T 0 VR U W b Ak B AR TR A ik Oy TR Y H AT R DR E . AR B ST A T
A+EYBER (B H CW-B). WA (B CW-2), “¥h Ak 1L (R CW-V) S EDRHE 3 B/ A
TV R SR R G, BESE T ) SIS A KR o SRR U I T M X 0 2R R (Bl ik 5 WE (sulfadiazine,
SDZ) F1ifi . 1P & (norfloxacin, NFX)) FlH BTG e ¥ (1) L BRACR , 0 396 4 55 A 20k A0 H 3 H 2848
VLA Ay i 25 A B 5 2405 e s K N TR b ¥ B AT i e i 5%
1 MB5ER*®
11 AR

BB A . ks o AR B R A DD 4 D B IEORL Y I TR R R A K A AR BR A
Ao 3 FPSZEGIE A . Kl A R AR W B R EAR i R 4~8 . 5~10 Fl1 5~10 mm, EERLAR S HC
KR, AR FELEH T EMER, T8k A b A Al b 2 be B, 8
Wi o MAEWAAE)E, .

R 3MEFHEA. EVMERMANLENEESY

Table 1 Main parameters of three matrix zeolites, bio-ceramic and volcanic rocks

Tk FERS LR/ % PG /am B (gem™)  HEREBY/(m* em™)
A 94% ALO;. 5% SiO, 36 14.8 1.8 15
a7 57k A 65% ALO;. 19% Si026%Fe,0,. 4%CaO 49 6.9 1.65 4
Kl 43% ALO,. 15% Si0212%Fe,0,. 10%Ca0 73 90.9 1.1 2

1.2 HiXinEEMR

WD 2 (NFX, C,HFN,O,, 43#Hrél (=96%)) T4 T A9 TR (L) I A BRA R . 25
BHERE B AR 1.0 g NFX, % T 50 M10.1 mol-L™' i) NaOH i& T, fRHSEW MG, HZEE 7K
BEEZ 2 1000 mL, B 1.0 g L' (i B B bR BRI . ik iE (SDZ, C,H,(N,O,S, 4 #r4l
(=96%)) W T4 T TR (L) Ry A RAF . SDZ A FRK, SBinFilkK, 5 NFX —F,
B ik 1.0 gL Ay s fg s W A v RV 25 FH o
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1.3 LWRE

SR B AT BT KR EMN (B 1), W
FHAVIIIE IO M 1.2m, %8 1m, & 0.5m
% B RO M B R IR M . AR 2 B TR AR
9480 L, FT A B B ke A [ ¥ 2R €0 £ 4 W

WA N TG KB K it 3R 20 BB IE D7 1A
fitf K WA o Bt 3 A [ SFORE 2K B ) T 3L Y ALk

M. CW-Z 7Y M I B4 A o %2 10 em £
B, 25 em A SRy (TR B 4 R R ),
JiEJZ 30 cm AR A ;5 CW-V B b 36 i ok 36
ERH10em )2, TESem AW (H TS
T IEMIER), JK)Z 15 cm B ¥ A1 +15cm k1
%5 CW-B MR i 3 5 24 B % J2 10 cm + 1 ARRREE RS T EE
2. S em £ R T F B - B R Bi), Fig. 1 Schematic diagfam of the submerged wetlands with
different fillers

JEJZ 15 cm JE3l A +15cm A= W) Bk .
14 SZWHRKIT

SUGRT, M LT IR X H WK IR T 1500 L R REK BUERFE/NT Lugl),
A3 5IMAE] 9 A~ 08 I 1 b E AT AR W B SR (RS VE R L 150 L), W2 M AR B3k A [R]— oo 5 b
TEHCR S [F] 1 8 B3, P2 2 16 bk-m™. 7EUIME 30 d 5, DK I3 R BT (HRT)24 h 2 14>
JA, BN Tk DB A RA LB RS . B RGElr 24 h 5 HEZ , SR )5 S BVRb 588
FINTIEK, FERIK 1 fdm A 0.4 m*(m*d) ' (it

N5 7K B BE 2 T 24 MK 7= FRFE % B K N P COD 7K LA K 4% 24 A= A H R Ak iy 1)
AT, RIS TR . . 3 AR, S R GE i K TS Y fer HLR MR R AN SR 2 iR (R
7K NO,-N & &8/NF 0.1 mg-L™", RFIH ) XTI i 18 1 20 5 44 #- o~ L-CW-B, L-CW-Z, L-CW-V,
M-CW-B, M-CW-Z, M-CW-V il H-CW-B, H-CW-Z, H-CW-V(L f{ ik ¥ B . Mt 3 i & A
HACR SR ). LA B4 N F, B T 5K L 183 mg- L™ #4454 . 49 mg'L"'NH,Cl, 8 mg-L™
KNO,. 5 mg-L"' KH,PO,. 5mgL" CaCl,, 5mgL" MgSO, iR & WA i (£ 4 8 h B 1Y 500 L /K44
W, BeAk, AE 3 ANELAK TR A3 B S0 mL BC AT i BT A 2R R (R e 1 E RN i VD R R R R
F 100 pg L), TEARSLI LS TR &P RIKRE, DAIREE MG L8R Shid R LR Z W
ZHAEH,

8% , 1 17:(10 cm)
AT cm)
WAT(15 cm)
LY R RL(15 cm)

Y41(30 cm)

s £(15 cm)
L U111 cm)

2 AR M A #E KK R

Table 2 Concentration of pollutants in the influent of a simulated artificial wetland

- KBS H/ (mg L) PUE R (ng L)

SEERA pH
TN TP NH;N  NO;N COD,,, DO SDZ NFX

KA 3.0£02  0.5£0.05 1.540.1  0.2+0.1 23.043.0 5.0+1.0 100.0+2.0 100.0+2.0 7.7+0.2

FEREE 10.040.5 2.5+0.1 7.6£02  0.6+0.1 99.0+6.0 5.0+1.0 100.0+2.0 100.0+2.0 7.9+0.2

FWIE 200£07  5.0£02 15.0+0.5 120.2 206.0420.0  5.0+1.0 100.0£2.0 100.0+2.0 8.0£0.3

ST 2020 4F 8—9 H R 2 N BE kAT . 5B 1 B BEAE 2020 4F 8 A, RAEFE B K IE AR
THRR E R IR 30 d; S5 2 B BEAE 2020 4E 9 A, BRI Ti5/KEALE RS, SR 24h B8 Nm
KHET ¥, FagizfTt 74, BWHKEUEH 24 1K O KEE 1L, FEATHNFEFRIE, BT 3 5.
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1.5 SEHUREHSRIERRNE

ST ], ARG K S35 B T IR] 24 h, XN TR ML A9 E WK S IR AT TR RE FIAR N $8 AR 4
Bt o FHEF SR K B 5 A (32 [ YSI Pro Plus) J5 057 I 2 & B . pH FA i 0 (DO) S W1 B Ak 4 S8, K
B AR EA (TN), BB (TP). Z A (NH-N). & (NO;-N). WAHA (NO,-N) LU M =i ik £ (COD) &
R R b vy kU

B AE . RIS T 4 U6 8% (FLAZ M 0.45 pm, P 42N 47 mm, UK Whatman 7 184-004) iz
UE TLAKAE, DALBRAKFARTEEOR . PRAFTE | LB EOSRERI T, BRI T S iz M s2 i %=, Ab
PEHT (48 h ) B T 4 °C R ETIRAE . 2 Fhii A 28 45 B 300 mL K AR HE AT FAL 3, SR 8 380 A £
WX (HPLC, 3€ [ Agielnt1100 system) XJ Fi4b # 5 A K #EEA TN 5E . SAs T E S8R CI8 Gt
(150 mmx4.6 mm, 5 pm), Vi zhHH 20/ #2=60:40(0.017 mol-L™"), ¥ 1.0 mL-min', £84M& % K
287 nm, i 40 °C, HBIFEFERE 10 uLo QNs U E S %0 : W EIAH 0.1 mol L #145 MR L IR B (= LM%
P pH A 4.5): L WE=75:25, P 1.5 mL-min™', 2% YKL &8 (1438 & F & 55 3 K 4 51 A 280 nm Al
450 nm, FEE 40 °C, PERER 10 pL.
1.6 ZitHhEE

K F SPSS 21.0 F1 Origin 2019 #4:% B 4 #E A7 B e 1+ 40 1 o FH B R 5 22 4391 (ANOVA) ki
5 PPAk AN [R) P A T K B N AR R AR bR 22 5Pk, P<0.05 KK A B E 257
2 #BRESH
2.1 AEEREBEMARZREZNERYR

P2 AL 3 T L, e 3 FP B T far T, AN [R]HFORE 2 B A 15 30 W0 X NFX 9 5 BRACR ¥+
SDZ., AW B2, CW-BALFEZ X NFX F1 SDZ 19 V- 44 2= 4 R 5t 5 (43 910 98.42% . 95.03%);

—= L-CW-BZ: [ % BRI L-CW-Bifk & -+ M-CW-BZ:[5% BRAM-CW-BY fif = H-CW-BER BIH-CW-BH
- L-CW-Z R I L-CW-Zyk i —A- M-CW-ZZE % CIM-CW-Zifk i —4-H-CW-ZE£ % COH-CW-Zik &
= L-CW-VERRFE NI L-CW-ZH —— M-CW-V £ SIM-CW-Vifkfif —— H-CW-VER% SIH-CW-VifiF
100 100 100
1100 100 1100
~ 80| l—‘\‘/\/./.-—l ~ 0 -\'/./-\-\‘/.\- ~ 80}
7 6ol \/A:k 1 s 760 “\/%I s ool 1% =
2 W loo % 2 — « 60 % 2 wo?if
S Yot [B & g4 & <40t i
2 Nk 5w | g 1o B S H
=z 208 INININ[RIN N 140 @ 20 40 172} L q 140
N ININ [NJN N IN 20
N NN INENE NN I N
0 N sANANLSANLSANE-ANECAN 0 NENBENS NRNRNRNEK, 20 0 20
1 3 01 23 456 7389
BT/ BTl )/d BTl a)/d
(a) fkfmdl (b) Hrfiufardl (c) Efifmig
25 25 25
_ 20} ® e S R S TS S P === = B
T xﬁ:x:::::x_H I T A—A
— o —
- 15 B0 LISt 8o T1s I 80 &
A M2 M2 ¥
S & 210} & 510 &
Z s |¢ ‘: ~|~ \ '60%5 5 105 & N |§ 190
NINININININININ ' I S I8 |8 N 5t IR SINININIG
NINININ[NIN ININ NINJN [NJNEN |R N NININININ IR
ANA N NN NG N Nl SERERENERERER ERERERERERERER
1 3 5 1 3 1 3 5
BATHT A/ BATHT A/ 1T (R /d
(d) fIRfi far4l (e) Hrffufardl (f) il

B2 TERBAE TNEMRGEXNE BN ERBR

Fig. 2 Removal of antibiotics by wetland system with different nitrogen and phosphorus loadings
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Fig. 3 Average removal efficiency of antibiotics in wetland systems with different nitrogen and phosphorus loadings
A B EE 2, [FIRE, CW-B A FE4H X7 NFX 1 SDZ (9 °F 1 £ B 5w (451K 97.94% . 92.11%);
T i U e B A BRZF R AR SR Bt o 3 R RUBE ST T, 2908 CW-B HURHE 3 Xt 2 5 542 R (NFX A
SDZ) i) £ B R femn, HASHAD 2 1R B 235 22 57 (P<0.05). CW-V BURHIE 31 %] NFX il SDZ £
T RBRBCREMT CW-Z, HPIHEFAE R 5 (P<0.05) (BRINEAEE 4 SDZ 195 BR). AR
BT R £ BRAE 1 R BN A= Wy B oR> Ll E >k
HI 4 al UL, BEE A BRI, AR EUR 2R R BIR b X5 SDZ #92 Br A TE 1 22 1k (P>0.05);
{EXF NFX B 2Bk, W CW-Z il CW-V 4hBEZ 75 b U B2 25 1 T AT B i) 5 BR AR, HIR %
TR BB AL BRR (P<0.05); CW-B &b B4l U0 U B2 B34 s 2 R AR 3R a9 2 BR R0 2

e
FA43 4L (P>0.05).
50 e 9 e s 16 o
B Ak NN Ak a BB LA 2R
(I 26 8773713 C 1 bk
40 - b b XN o A BE A a
N ? ~ a
— 3 T
. 30F E NN — 5 NN
0 g . 2 b
SR en 8+ 2
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T e ¢ T4 B2
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RAE SRAE A
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() AN[F) G G AT SFIIEURE XS SDZ K 2 B 22 5 LU A

(b) AN [A) RSB ST DR NFX () 25 5% 22 7 L 4K

4 3IFERABEMEFIRTHEAT FNREZERNESER

Fig. 4 Comparison of antibiotic removal differences among three fillers with different nitrogen and phosphorus loadings
P EHERHE i 4L PR 4R 3 T A F LR
HE S AT L, IRAEBRRIELL, CW-V BURHZ I TN [ 25 BR % CF1I 70.16%) W35 5 F 55 4h Wi
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Fig. 5 Removal effect and average removal efficiency of TN in wetland systems with different
nitrogen and phosphorus loadings

4 (P<0.05), CW-B il CW-Z X TN A9 2 B 85050 T 1 3 22 5% (P>0.05), 4351 R 40.29% Fl 39.64%;
R A, CW-V AR TN B R BREBCR e b, Pk 91.16%, CW-Z 1 K BRACRIE T
CW-B, % %14 8531% F1 73.98%, H. 3 Fi B RHE Hb (8] 77 75 &) 3% 22 5 (P<0.05); 7 =y 2B Ik i 4,
CW-V X} TN 193 LB R he s, M 93.31%, {H CW-V Fil CW-Z 4b B 40 2 [6] JC g & 22 5% (P>0.05),
CW-B 5 H At 2 41 52 9 . 35 22 55 (P<0.05). Fifi 5 V5 e ) 10 fog 338 /5, 3 3200} S 28U (1% Y00 s Ak 38 44 %of
TN 9 LB AR 2 m a

6 AT UL, AN TR) RUBE Mk B4, 3 ol AS (] JEORL I X NHL-N A9 25 B 40 18 21 48 = 7K F (90% LA
by, HEHZEICE S (P>0.05); X} NO,-N £, W CW-B 419 2= 5% i F K T CW-V Al
CW-Z i MEFEH (P<0.05); 45 SURHE b H K T NO-N & S ig s gk Fh i TRZ, CW-B Kk 0
NO,-N % & & & 5 T CW-V Fll CW-Z(P<0.05), A [a] $E0RF 28 AU 38 M 58 40 % &R AL BE 1 2 800 k1l
> A > ) R R
2.3 AEHERLEHD QIR LE 3T B A0 R L3R

w7 Al L, XTI A 4L, CW-B X TP A1 £ 5K (61.99%) &5 T B 4h 24, HE W
FEF(P>0.05); X THRABREH, CW-BXTPERFRE, FHk 69.04%, BEHTH
fib 2 2 (P<0.05); %t T/ AL, CW-B X} TP V-3 5% (81.42%) #KIH & T CW-V Al CW-Z
(P<0.05). B & R B T5 e 0o far A3 55, 3 RS TR]SEDRE S AL (1918 b 2R G X TP 19 L BR R B IR R 1 K
P, TEIMABEN M T, CW-BIRHLXT TP (1Y 2 B R I 5 & (P<0.05), CW-V 5 CW-Z Z[H]Jf AR KB
W 325 5 (P>0.05) . AN [R] I 1l SEUARE X 825 114 W2 B 6B 0 2% B0 A A 1 B k> k1L >k A o
2.4 AEHERGEHAIRA X BHIHEBRBR

M 8 L, MRABE T, 3 FhR A SEURHE s A ML 1) 25 BRSUR 6 B35 22 57 (P>0.05);
RBEREL, CW-BF CW-V XA LY PR E 25, 208 90.76% #190.25%, H 3% & F
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Abstract  Subsurface wetlands present a good removal effect of nutrients from water bodies, but the
knowledge of antibiotic removal effects is still limited. In order to solve this problem, three small artificial
subsurface wetland experimental systems with zeolite (CW-Z), zeolite + bioceramsite (CW-B) and zeolite +
volcanic rock (CW-V) as filler matrix were designed in this study. The water exchange method (24 h) was used
to study the removal effects of nutrients and antibiotics (sulfadiazine SDZ and norfloxacin NFX) by these three
types of wetlands with three different nitrogen and phosphorus loads. The results showed that the removal rates
of SDZ (>60%) and NFX (>90%) were significantly different among the three types of wetlands (P<0.05), and
CW-B showed better removal effects on SDZ and NFX, the removal rates were higher than 90%; the average
removal rates of compound antibiotics by CW-Z and CW-V for were 70% and 50%, respectively. In addition, at
three nitrogen and phosphorus pollution loads, CW-B presented higher removal rates for TP (51.99%~93.84%)
and COD (84.96%~95.01%), and CW-V presented higher average removal rates for TN (68.26%~91.32%); the
removal rate of NH,"-N by the three wetland systems did not change significantly with the increase of pollution
load, and the contents of nitrate nitrogen (NO,-N) and nitrous nitrogen ( NO,-N) in CW-B effluent were higher
than CW-Z and CW-V. In summary, the zeolite + bioceramsite filler wetland had the potential to efficiently and
simultaneously remove TP and antibiotics from the water body, while the zeolite + volcanic rock filler wetland
could efficiently remove TN from the water body, and the high nitrogen and phosphorus load will affect the
removal of antibiotics. The results of this study can provide a reference for the design of constructed wetlands
treating sewage containing emerging pollutants.
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