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N TR RGN A B L BRUY, Pk RAGAEEXT A T8 2R 5t 25 bR 0Bl 5575 72 38 (0 52 i L ) 4
ATEME, A FA R R AR

AMFSE LA 3 0K [F) J5E B AN ) 25 00 19 AT 2B 0 RN TR /NS R G MR A 5, IR FEA]
ZeAY | AN [R5 AR 75 R I $h AE W 1 S U5 (Sesuvium portulacastrum) TE 50T, _FATIHE B R A LR
Hi R G %F IR0 B K 4 B RSB AR R G 25 BRACR M B AE R AR AR R S N TR o 2R G X R AR
B BRACE . RIS RA L I — S N TR RS RIS 5, R mRYEpRscE, it
N T M AE YR 7K RN 7K 55 5 R 7K 3 B B
1 #MRl5R*%
1.1 ALE#igit

AT AT 3 P[] KR o BORE ) 2% 40 0 2 W T N IRV R S8 (CWLL CW2 Fl CW3),
SRR BEEME 1R . RGEH B A B EEH K, & 80 em. AR 40 em, JKALHEHITE 60 cm,
M i & 3 AT S B RCRMEE, ARG — R ERAE LR . RE DR Y 244
H A= fi Sy i T 5 0 AR R A AR Y — 1 1, EHGR EEAE 15~20 em, A K RAFRIEMREBE IR £ R
girh, FOHEEEE N 40 Bk-m 7. CWI Y2 BT 20 BUES A N IS ERAH 12 5 em 2247 9 BR A, T 2481 30 cm
m/NRLAREE A, P B2 R 20 em m HORLAR A, LR 10 om B ARG . CW2 7E CWI [ FEfil
LA S 15 (B 1(a))e CW3 FE CW2 (1 38 fith b A= 9 e J2 8 J A8 R AR R 09k 4 )2 (B 1(b)), fdi
25 kg By 5 IR AR AL 0.05 m® WA o AR S g i 0 AR P e = 285 500 °C R TR 2R Y &
KAEFF A ¢ o

H420.6~0.9 emE R RifR1.6-3.0 emifh /i Ehi420.9~1.6 e 1 O KiAR3~5 emfiffy R /=5

SRR ik MR85 E ik —— SR
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Fig. 1 System design diagram
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SEUGE [E] R 2021 4F 3 ] (FZE)—20214F 6 H (%), Hh, FEMLEEEA3IA 10 H—
4122 H; BESEEEN S H 12 H—6 H 25 H. ZiXF B/K = 5558 B /K ¥k B 48 & A %R kK
PR AT TR R S . ARSEIR ] T SR AR T R R i 4 R AE R GROR RS . ERER . |
FELTD R G e ), RN TR R R 250 pge L. . BB I ARIYE A R P A
KIMPTAERFEBKIEATHR, Fek20d, EFLBLE ARG, @l KT REHITHE, 5
2220d. RGRHEECR (P PEK) 21777, AR IK - -HEK -HEZS R E 4 BB, BRI
KRy 4d, Horp ik i a] 0.5 h, KRS a2k 89 h, HEZAKMFE] K 0.5h, HEZSHE 6 h, 54
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Bk 7K K 2454 8 000 L, 7K J7 45 B3 st ] (HRT) X & R 0 GHEAK) 13 d. FEME S, 400 R4E
HRT 24 0 (i 7K) F1 3 d BP0 A= 2 FE R EKRE AT 20 #T -
1.3 EFIBMERKEFLIBRMNE S A

RRE R Eh R RS RUT , B HE A 1000 mL 3 2R, 7E P37 1 WTW i 48 XK i
W7 A (Multi 3630) P72 7K ik (T). FL % (EC). W fi# % (DO) Ml pH Ji7 , FFFE S IV A7 T4 C RAEA
o, SEEPAR R SC S A . 0.45 pum 1) B 35 27 4E 8 iR 8 500 mL KA, PR A A (NO,-N). & A
(NH,-N) (90 %, Aad 38 97K B H F BVA& (TN) FLEBE (TP) MU E , 48 h PN S8 BUARS: A9 0 #T, I g
J5 12 BE AR S Sk

PUAE ZOKAER AR 58 A 28 A 100 mL 7 2 3 3850 o IF 37 R A2 15256 %, FH 0.22 pm (19 3 55 21 4
UERE L AL A, 1 mL T AW EERE /NI . AR NSO RO S MR R AR 2K
SCU S5 R VAT A N B o TR FOKRE AU YT AR B 38 0T i H S (LC-MS) Tl
B, HEAERSHCON . A% 5 XTERRA MS C18(3.0 mmx100 mnmi, 5um). @iEfEAE6 K 35 ¢, i
B Sl WM HE N 0.4 mL-min', JEEhAH A JSZIRBL A H0N 0.1% B R KW . Wi sh #
BB, YelisEERFEEWT: 0~0.5min, 5%B; 0.5~3min, 5%~40%B; 3~4 min, 40%B; 4~
5min, 40%~95%B; 5~7.5min, 95%B; 7.5~7.51 min, 95%~5%B; 7.51~9 min, 5%B.
1.4 BT

A HF 5 )i One-Way ANOVA HLIH 2 77 22 43 HrbiE 5% A [R] 21 531 25 B 2 SR o A 2 5 A 2 1 22
S5 MORGE T4 B T SPSS 26 B i AT 3 I RS Origin 104 56 15 £i 8 930 40 21 R
Excel #5818, PE R FE SRR LR A ()i 5H

n:“;—QXmO% (1)

K phEBRE, %; oK EFRBERE , mg L A KPIAERKE, nel™; K ERET
Bk g, mg L AR Z MR, gL'
2 #BR51R
21 L HKKEREN

BEME R BAOKFORBLIL R 1 L 2, SRS, R, HAKFYKIEEFEF-K
43 ) 5 5.65 °C R 7.20 °C 5 B R /K pH F- 341 L& Z= 40 Ik 0.21 F1 0.26; B R K
TRV A B FE 5 0 5.73 usrom ™ FT 7.42 pscem™' s B ZEHE L K R ECOT BE LA 2R 4 IR

Rl EEINERMREREEFOTEH, HAKKERR

Table 1. Characteristics of inlet and outlet water before and after antibiotic exposure in spring

S RS 1R/ C pH LS/ (us-em ™) WA /(mg L)
CWO0 21.33+0.79 6.88+0.12 69.33+9.60 7.25+0.93
CWI1 22.30+0.37 7.87+0.05 136.2+9.43 5.40+0.93
TohuE#
CwW2 22.53+0.33 7.75+0.02 141.7+9.80 5.32+0.26
CW3 22.43+0.37 7.71+£0.06 154.0+11.0 5.56+0.78
CWO0 26.63+1.78 6.82+0.07 53.50+3.21 7.25+0.27
N A CW1 26.70+2.24 7.90+0.17 124.8+1.32 5.21+0.25
EEET A
CW2 26.90+2.30 7.77+0.12 132.43+£3.74 5.09+0.32
CW3 26.83+2.24 7.77+0.10 142.13+£3.56 5.26+0.38

H: CWORNPEK,
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Table 2 Characteristics of inlet and outlet water before and after antibiotic exposure in summer

LREN A4 R/ °C pH L%/ (us-em ™) A fRE/ (mg- L)
CWO0 29.63+0.85 6.89+0.10 57.93+£0.37 6.28+0.34
CW1 29.40+0.65 7.84+0.10 129.47+5.20 1.44+0.01
TR
CW2 29.57+0.74 7.69+0.10 140.83+£7.24 1.15+0.07
CW3 29.70+0.86 7.64+0.10 151.33+8.01 1.28+0.04
CWO0 29.33+0.86 6.29+0.06 83.37+11.64 6.60+0.61
N CWI1 28.60+1.23 7.524+0.10 142.47+£7.90 1.27+0.08
PEETINAEE 3
CW2 28.87+1.35 7.46+£0.07 149.30+7.68 1.36+£0.20
CW3 28.80+1.31 7.38+0.08 162.43+2.80 1.54+0.12

. CWONHEK,

081 mg' L' f13.97mg L' FEMEZ, K pH BRI, L RFEH)5 pH L 556ME; St
KA, K HSR A BT LT, IR RS E R R
22 ALEHMEHSHFERKPINEZEZBRUENFIG

HEEMES, 3ERG. HKPEKEE  LER . SRV BRI AP e o e B L3 35
CWI1, CW2 fl CW3 Xt 4 FipiE Z LB R 2, Lt EEHHEE, 3ERGENN LHEZMEARY
EMEREHTNEZR, BWEARIFMERIE . F2, 5 CWIAHL, CW2 XH K E % Fbk
i PR ) S B 32 00 SR T T 2.71% F1.59%; 5 CW2 AH L, CW3 X 52K T8 25 I e H S e ) 2
B3R AR TE T 25.34% F145.48%, H 2, 5 OWI1 M EL, CW2 % 2K J& 2 Rk iz Y M8 s il 25 5 3R
SRR TET 2.97% F1 10.16%; 5 CW2 AL CW3 X 52 2 % itk Jig FEY S0 s 11 - 25 25 6 3R 43 1) 42
" 19.87% 1 22.36% . 45 F W, FiAEME Dk o] LUFE — & B L4 T LLE A o 32 N T3 3 2R 48 56 R
72 2 FIGHE i B G A 22 BRAGOR R A e T LU B R R (p<<0.05) X FR AR R B R .

N TR b 22 58 2 B0 AR 2500 A2 80 0 A2 A0 405 JL 0T W BRF AR EA . A R L YRR i N A D R e A ot
i, X FEEE WA TR RGNS . GAAEH AT LLZ B ARWF5Eh 3 & 1 5% iR H R g0 x)
T B EAAT R RAFR SRR, MR F O e MR JE 1 R BRI AR T R R AR
WU A, X5 HAMR S " R E AR R E TR R v A R
FE T R FH 2 1 7K T g T 2R DU PR R R P A R BB A BRI R, — H RS LRI Rl DIk

w3 BEENESTIERGHE. HAKTRESHRERE

Table'3 Antibiotics concentrations in the inlet and outlet water of three systems in spring and summer pg-L

N ORSE BAEF TR SRR iz F S
CW0 257.5+20.85 237.03+15.36 309.91£15.38 271.16+9.38
CW1 193.11+36.01 12.35+0.23 20.4242.11 244.92+11.88

e Cw2 186.12+37.31 8.14+5.77 19.00+2.34 243.29+8.73
Cw3 120.41+£25.50 10.47+1.03 18.10£2.05 136.45+38.87
CW0 238.78+8.09 250.04+19.43 255.80+16.31 250.33+10.00
CW1 202.65+6.14 14.87+4.92 37.84+7.97 175.76+13.73

2z Cw2 195.48+1.34 15.34+4.41 36.29+9.84 150.50+13.55
CW3 148.00+2.86 13.12+5.14 34.31+8.88 94.58+14.43

H: CWORNPEK,
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WARRE  LEER AR BT KRR E  LEE AR BT
(a) FREARPLA R BB (b) HEARM A2 LR
T B PR T RFORTER A R G0 D B IR R T B 225 A T B3R B Ik BB B M2 R (P<0.05),
B2 BEFEMET4MMERERE

Fig. 2 Removal rates of four antibiotics in spring and summer

B PR R, X ATREE 3 E ARG R M PERMEARY EA RiFEs ke hny T35
JRB . WA E R THMRERWAFEA LY, BAR. JE2 0 ) CRE MR, MWl hia
NGy R RUK R, EE FU N TN ol LUBE S BRUT, f e H O JE TR RSP R
FEIR BT R i T 2812, A R A B R T AR R e R BRI AR A W IE & AT A
A= IR« 53 DR SRR W B8 e IR AR A 1 3 T R R e F R R A U7 F AN R E 5 A 2
KK, T MY EFEBRRKES, RGN YRGS 2R TR B e B me  BR
RIFER KA 22 020 5 BeffF 5 FLRY, A58 H CW1 AT CW2 X ik frie B 8 s A 25 I 2R A 1K
XA RE R IR R K 72 SRR R K C/N B, BRIE AN SR INE, AN R T i i Y S s f o A ) KA TR AR B
(A FPRRE | 0 RS P A -5 K AR v A ML 5 B I A S S R A K AR A e U e Y R i
R IR, AN, ASTRIAFF ZT R bR TR W R R G T A 2R WA W B BE D A R 22 S AN, B
ARG TR R B Y 25 5, S EOLRT R GE GUA WREUR SE A R 2 RE M R e R [, KR BB R S
N TR R G H b Ge I fe e 2 50 o — B E RN, HaurR g, Dikah BN TR
b ARG U 82 1 i SO A 1) 25 BRASCRAS A B,

PRE L HE RSN, HYAH (CW2) X 4 Fdi AR EBRFRME T LHEYA (CWL), Y £
T AR R A RSO L AR 1 O B R B L R R A A A R AR T R A W A T 2 )
e 2B 2 K T By B AR ZR P AR RS 3 W 58 DA A R W AT R AN R N T 2 I i e Y I s R 9L
R ) EERAE, A JRAGE YA AEAE Y mT DA P2 A LB AP, AHIE 5% vk il 210 15 v
B Z ) e 7E 851.55~1691.48 g L', fifi e HY 0 M 1% J5T R B2 AF 125.07~291.67 pg L™, R
Ih 15 8 0 38 1ok WO R S B K R - B R A RO . 25 SR A A TC R A R Gkt 4 R :
RHABRRE, BB DX 4 FdiAd R LRS- mEFEH. MikESR, EREHEZCETE
B, ATREIN N L Z A A KR RS, A ) T 9 S 1 65 e B 0 Wz i

RN TR A B R 2 —, bR T XS Yt B W AR AL, 38 RO A Ak
PEOLFEAR (A KRB RS FR Y R, e, JE R A9 AL SRR AR R i N TR M RGPk R
MEACRE 1. BEMEZ, AR 53] 5835 5 o T B0 I N T Ml X SRR e 5 R e R O s
B LB S ML G, A RFLBRES MR . R, HHEAEK . H K IR 5
JET XA B A B R, AR R PR RO N TR b X A R AR BE 3 R 28
B, UEWREIE S G X REY), WA R)G S BUE RGN pH. SR ER AR RSN
YA KRBT, 5200 2R G0 P LAt 35k 03 2 10 09 S D E VR 45 0, R ER T R G b A F gL BE
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JIPT, pH M HTE R LSRN BN R —, FERERM TR AE R U E T IE A7
TE. CW3 1y pH T CW1 F1 CW2, A5 F| A= 1) Joe o Tk Jrie FEY S0 nele 760 B0 2 2% 1) 12 B o
23 MAERMNEFIREBRNEI

BEMEZVARBNNG 3 ERGHE . WK A, S, 2RSSR P s A 3,
B, PUERGFESRMT, 3FARFZGREN DA .. BB ZEMEE SR T3 B0 %
T 11.69%. 17.53%. 10.04% F1 4.07%, H 35 R G308 E BT HXF S 80 L5 20E (P<0.05)
(K 4(a)). B2, PUERMAEZFMET, DBEMEARAN T EBRR00 T T 19.41% F1 5.53%, i &
RIS E - LR R0 54525 T 11.66% F110.42%(] 4(b)).

6.0 2571

—#—CW0 —e—CWI —=—CW0 —e—CW1
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Fig. 3 Nutrient concentrations in the inlet and outlet water of three systems before and after antibiotic
exposure in spring and summer

AW AE R K], FREME R RAATEN AN TR 2 R S E G AR E8OR AR, T
SRR R LRI RGN, HAER T 3 B R G0 4 n] LU 5 AR B L BRAR .
MBStk B, SN BT i R O 50~100 ng- L' SRS A BT AE RS, TP I BBRF T e, B
M BRSO SR R B TR (PAOSs) B WS N T AR 48 P i ) 2 20 R BRI A o ot v W o 1) %
R (U ZEL) MAR 2 (EWESE) ] 82 50 T WAL 8, 2R L BRBCR TR, brd
R AAFAE A AT BERZ R SR W B A R, S AR O B e A . YT AR R BLES N 2 mg L A9 3R
WD R A S AR R G0 W A 8, /D A0 0 B B I . A ARG TP R R BV W E R T
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Fig. 4 Nutrient removal efficiency of three VFCW systems before and after antibiotic addition in spring and summer

2R

B GERVME2), REASGEFZMT, RBEW SRR, 2B LI EK D S8 2Lk,
O] e B L PR R LR 2T R I A SRR 22—

fisfe . RAsfl . DR SA AL S I A W e Al AR N TR M R e R BRIE K ML A 3 AL
il o PR AT L B0, BUAE 2 U I R K T A 4w i I 2N o IE I§ (a-Proteobacteria) . -
ARIE T (y-Proteobacteria) . UNTF T (Bacteroidia) ML LT (Actinomycete), iXSETMAYITE N T IR RS
LB AW R RS R O BRI G AT, E AR AR B PO R B R (Pseudomonas)) H
A4 NH, 840 NO, 1 B B N TR b R B A A M EE R . Pk R TIN5 252 il
HEYIREVR S ZREE, MR R LS R . YAN PR R A TR R i £
FEVER SRR S s e M AP R PABERETERENME KR, BRI RNELE
SRR AKAR AR L[] (Proteobacteria) 1, FE RGN A AN LBRBCET R, X 5AK05KM
it —%. BE, PUAERBINGZ A LRR T RERE AR/, R EZFKEER, i
EWEAER, e AR LR, 2 BE LIEYUE RN A LR RI W, A
SRR TEIR AT, AR R AN A IR h i S i AL A i AL B R N, B 7R, RASE TSR
LB EEREN S YIES R EZRBEN 2 mg L (AR EESHFERAEIHES AN LR, AR
HBT AR R USRS A A R BR S i B R = R A A o B AR SRR, AT R RN B K
HEE A (LQ2mg L) AL TFHEZ (5.09~5.26 mg L), KA SR A AT A R FHUFF B R 2k B 55 2
TEAL TR A 20, e F el B R A, i A B R BR AR . A A AR K b BE W L E A
27.70%~53.89% J& BHLE M EBEWMAATEA, LHEEZF, XA RB M B SR L
R AR — 2R IR . CHEN 8P kB 2 mg L™ B9 PUBR 2 T RGN AL ) £, RS
RS A R EERG I, BRAR T X B LR

AR, AN TR RS ERAHRSGEH AR | 277, mal, fYERMELR
RE, HEmePiAs BRI E WA ER, KR4 e i A —5. CHENPY S5 58 &
ARG R R MR EE RN 2 mg L BER S BRBE AR, BB AS N BA N ERE;
TONG 2BV HFo K BRI v B2 0.1, 10 F1 1000 pg L' EE W A )G, ATiRM RS hE AW
EBERH 72.60% 15 & 80.70%~82.10%; KUYPERS 4504 B 5% % B 7E fitf e FPY 33 0 I & Mk J3 o 100
ng L7V, AR AR L BRI & T X IR . AR A M AR R A R E AT E R R
BROUFZM, BT v S i — 2B o Mr b AR RS an 5 ik W R S5 R AR Ak, Sk B B AR BIF 5 R
PUA U IR BE 25 T X 78 37 3k 25 B 52 v () AL B2 (1L P K 40
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D) A58 BT f Y 3 AR ) 23 BB\ TR R AN E R B+ H R AR T ME S
LI R0 R BRI, ZBRRWIESS% U L. SERYEM TR, F 506 i e Ff ko
AR H W EBRAEMTEAMN, FF, RGEXFE K H MG 8L B R 0N
17.23%~67.50% 1 8.37%~67.87%; H 7, Z 4% A& J8 % Al S i B % wh il 25 B R0 51 N
12.01%~41.29% F1 19.28%~67.04%,

2)HFEZMEZ, PN DGR BT DR S RS 4 bl B EBRRCR, (U R B B
PR, BEMEE, NINEYRYTTIE RSN 4 il RN ERICE, Ha B ERE RGN
it e FEY ST s R SR 2 25 1 R BRAICR o
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Analysis of influence factors on antibiotics and nutrients removal from
aquaculture wastewater by vertical flow constructed wetlands

YUE Chen'?, OU Huan', ZHANG Xueting', HUANG Yaling"", MU Jingli'

1. College of Geography and Oceanography, Minjiang University, Fuzhou 350108, China; 2. College of Resources and

Environment, Fujian Agriculture and-Forestry University, Fuzhou 350100, China

Abstract Constructed wetlands (CWs) are ' widely used for removal of pollutants in aquaculture wastewater
due to its advantages of efficient, economical and environment-friendly features. Aiming at the problems of
antibiotics and nutrients pollution in aquaculture wastewater, three test-batch vertical flow constructed wetlands
(VFCW) with different substrates or plant conditions were constructed to investigate the factors affecting the
removal of four typical antibiotics and nutrients from aquaculture wastewater, then the potential effect of
antibiotics on the nutrient removal was further studied. The results showed that the removal rates of florfenicol,
oxytetracycline; ofloxacin and sulfamethoxazole were 25.61%~53.66%, 94.82%~97.16%, 93.53%~94.27% and
10.48%~57.54% 1n spring, then 15.10%~37.93%, 93.96%~94.87%, 85.17%~86.57% and 29.84%~62.36% in
summer; respectively. Addition of biochar as substrate could significantly increase the removal rates of
sulfamethoxazole and florfenicol by VFCW. Compared with CW1 (VFCW with no biochar and plant) and CW2
(VFCW with no biochar), the average increase ratios of sulfamethoxazole removal rate by CW3 (VFCW with
biochar and-plant) were 39.79% and 33.92%, respectively; the average increase ratios of florfenicol were
25.45% and 22.61%, respectively. In spring, after 3 days- exposure to 4 antibiotics, the average removal rates of
TN, TP, NH,"-N, and NO,-N in the system decreased by 11.69%, 17.53%, 10.04%, and 4.07%, respectively. In
summer, the average removal rates of TP and NH,™-N in the system decreased by 19.41% and 5.53%,
respectively, while the average removal rates of TN and NO;-N increased by 11.67% and 10.42%, respectively.
This is expected to provide a reference for further improving the design parameters of constructed wetland
system and increasing the removal efficiency of pollutants.

Keywords aquaculture wastewater; vertical flow constructed wetlands; antibiotic; nutrients
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