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Abstract; In order to explore the ecological risks caused by antibiotic discharge from urban wastewater, two

wastewater treatment plants (WWTPs) in Xi’ an were selected as the research objects. Nine antibiotics including
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three sulfonamides, three tetracyclines and three quinolones were quantitatively determined by solid phase extrac-
tion-ultra-high performance liquid chromatography-tandem mass spectrometry (SPE-UPLC-MS/MS). The contribu-
tion rate of different treatment stages to the removal of antibiotics and the relationship between water quality indica-
tors and antibiotics concentration were studied. The risk quotient method was used to evaluate the ecological risk of
antibiotics in receiving water. The results showed that five antibiotics (norfloxacin, ciprofloxacin, enrofloxacin,
sulfamethoxazole and sulfadiazine) were detected in two WWTPs, with the concentration range of 25.0 ~349.7 ng
-L™", of which norfloxacin, ciprofloxacin and sulfamethoxazole were the main antibiotics in effluent water, with
concentrations all above 100 ng-L™". The second biological treatment unit had a good removal effect on norfloxa-
cin and ciprofloxacin, and the removal rate of norfloxacin and ciprofloxacin by the AAO process is better than the
oxidation ditch process, while chlorine disinfection had a high removal rate on sulfamethoxazole, and anaerobic
treatment could increase the concentration of sulfonamides in water. The correlation analysis showed that both am-
monia nitrogen and COD have significant correlations with the antibiotic concentration. The ecological risks caused

by norfloxacin, enrofloxacin and sulfamethoxazole in the receiving water were of medium risk level (0.1 <RQ<1),

and ciprofloxacin showed a high risk (RQ=3.10>1).

Keywords: ciprofloxacin; quinolone antibiotics; ecological risk; municipal wastewater; receiving waters
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AR BRI R A AR K A R T AR R R
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1 ##l57 % (Materials and methods)
1.1 FEahREE

A ST BB 2 TN 2 JE G K AL ER T (WWTP-
C 1 WWTP-E)#E 47 /K # R 85, WWTP-C LB D1 JR
AR AR R 20 7 m’ -d UK HERCE AR
PRt 222 42 m® BYPH ; WWTP-E W2 PL AAO
RA-EAFEOME D A3 T2 I35 50
Jim’-d” AEART N 5.86 12 m® Y T R H 2 gh
TR, 2 PTG KA BT 32 B R FAL B AR TR TS K
152021 4F 4 H—6 H , R4S Ab BB TTKRE, SRAE
SUATBALE WA 1 s br = 555 4h By R A
S M FITISGHE U Y RAFIR, 7E 4 R AR RUR R 1
LKA, R0 %E pH FIV i 280, K REE T & A 0K
AR IRAR T, 7E 4 h PYaS [A] 525 = JF HEAT AL B
TS H 2 I AR IR ER A B R YL {R(TDS)
COD F 5 HK Braapr ",
1.2 S8

PEHL 9 B HFRBLAZEK, 5391 8 . VU FF E (tetracy-
clines, TET) 4 % % (chlortetracycline, CTC), + % &
(oxytetracycline, OTC) , J PN ¥ /2 (ciprofloxacin, CIP),
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1 . ARREE S ; (@) WWTP-C, (b) WWTP-E,
Fig. 1 Schematic diagram of the WWTPs and the sampling site locations

Note: A is the sampling collection point; (a) WWTP-C, (b) WWTP-E.

Wi b B (norfloxacin, NOR) ., &L b 5 (enrofloxacin,
ENR) fiff Jii¢ % 1% (sulfadiazine, SDZ) . fiff iz FFY 35 % e
(sulfamerazine, SMR)  fitfi iz H 2% 4 (sulfamethoxazole,
SMZ), &PiARbrfEm S 1 000 pg-mL™,
alifE>99% (R MR ISR A RA T, hE), &
Ji P R oA € % 4 (35 [ Fisher 24 A, Jo/K i
TR EALEN T UK AR AN . 4 R 2 TR
TRAE IS S Ak s (1 2 B A A R A BR 2 D),
Fer I 7K Sk 95 ] 2% 38 20 B Synergy AUE 41K R 40
il #5 By Atk
1.3 HiAER M E ER

IKFE TR P 7 e DA ST PO i Sl 1 AT
TREE KFEZ 045 pm JEBELYE ) 200 mL JE 0t
W H A 1 mL Na,EDTA-Mcllvaine 2% MA 8, i i
IR2J(IKA MS3 Basic IR HEAX, | M 3 RALER B 4%
HRRAA, HE), FH Smart prep 4 sl [ AH A HL
%% & (32 Horizon 2~ F]), LA 5 mL -min™" {43 38 18 15
HLB [ AHEHURE (35 [ Waters 23 &), #JH 6 mL 4
HEA K AU B 12 mL FEEEATVEI , & A
BRI IR ZE TR, 0.1% H R K I - 215 (1
B9 DEXRZE 1 mL, FH 0.22 wm 3k uE#
YR JN SR NS S 31

A AR S 4T UPLC-MS/MS(QTRAP™
5500 LC/MS/MS Z4¢, 32 [# SCIEX 7 w)) il 22 , fii i
IKFEE Cortecs T3 3% 45 (2.1 mmx 100 mm, 2.7
wm), A FERE 2 WL, JiE 0.3 mL -min™' | #F
IR 40 °C VSN 0.1% B R K VA R - 2 I 6
VEML ., T B U5 A HL 55 L 2 (electrospray ioni-

zation, ESI)(+), B FIEE L HJE 5 500 V, K45 <
206.84 kPa, JFIRE 550 °C ;551’3 310.26 kPa, ffi Bl
231026 kPa, >R H]Z 5 W il 25X (multiple reac-
tions monitoring, MRM)i#t 4714

1.4 PR ERRRIHTAMEBAES b

R MR R R LRERE B

HTTXHIA R KB TTER R
R, =[(C,-C,)/C,] x100% 1)
P =R /R,x100% @)
KR, WAFEAEBER BEX P AE R LR, G N
HARPUERWRE, C, AR FERY B K btk
RIREE, P, AN [A) Ak 3 B Bt 0 A= 2R 25 B 1) o ik
R, NPUERM B EIRE,

X% A Microsoft Excel 2016 #1 SPSS 23.0 X4
PEATAL BRI 4347 , R FH Origin 8.5 X B4 K% 3847 4k
FROGAL , PEREA ST RRAS ¢ A6 50 X AN [ R i 22 ] ) 2
ST AT, I Spearman A S 4 #1 X 7K i 5
FRATAE 2R B 22 1) 0 G 2 7 AT
1.5 ABRE T

I FE XIS R B A 15 K A BB HE b A 2 5%
2R A A AR RS B IR AR

RQ, =MEC/PNEC 3)

PNEC=EC,,/AF @)
A RQs UG B H , MEC 42 0K K hhi e %
AR (ng - L"), PNEC Ry H0 JC &0 e i (ng -
L"), ECyy W EBOBN W E (ng- L), AF R Ak A
T, R4 Hernando %54 H 19 RQ 4325071k, FRAE
A= 25 KU (4 A [m] 72 B2 A RQ 43R 4 25 RQ<0.01
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JIERU: ,0.01 <RQ<0.1 AR, 0.1 <RQ<1 A
XU, RQ =1 A KU, AN Rl 4L A= % A EC,, FNI
PNEC il i 78 ECOTOX #4} J& (US EPA) H 2% $£ 7%
FFE B Fh AR 2 R 4 7K AR A 0 M OB
R 1 PR, BT RIRE N &, PNEC R 4 i il
YR

2 #R 54418 (Results and discussion)
2.1 PR AKEIE S & KF
2 BEHARFE R T 2075 KT, 4 30

R HUAE R B R R B Q8] 2 iR, 7E WWTP-
C V57K AL H LA i 4 Btk R 0l R is i &
(NOR)42.5 ~ 129.1 ng- L™ PR ¥ & (CIP)37.0
~1130 ng-L™" BV AL (ENR)28.0 ~45.8 ng-L™"
FIVRE iz F R (SMZ)30.5 ~212.5 ng+L™" ; 78 WWTP-
E 15K BT A6 ) 5 FhdiA R 43 l02E NOR 61.4
~349.7 ng-L™" [CIP 45.3 ~259.7 ng-L™' \ENR 27.3
~51.7 ng-L™" SMZ 473 ~163.7 ng- L™ Flfif iz 15 05
(SDZ)26.0 ~110.0 ng-L™";3 Fh U Z APt £ 48 2

F1 BRERERXNERERYMNSEHE

Table 1 Aquatic toxicity data of antibiotics to the most sensitive aquatic species
U s e PG T T TERN
i - BN R ((ng - L") Fpom _ ‘
o The most sensitive o Evaluation  #¢/¥/(ng-L™")
Antibiotic ] ECsy/(ng-L7") Toxicity type
species tested factor PNEC/(ng-L™")
VD B (NOR
o (NOR) PR (Vibrio fischeri) 10 380 18 Chronic 100 103.8
Norfloxacin (NOR)
NP R(CIP .
) - '( ) R SR B (Mlcrocystis aeruginosa) 5 000 2P Acute 1 000 5
Ciprofloxacin (CIP)
Bkt B(ENR -
- '( ) R SR B (Mlcrocystis aeruginosa) 49 000 2Pk Acute 1 000 49
Enrofloxacin (ENR)
itk iz Ff s (SMZ »
SR ) FE Bk (Synechococcus leopolensis) 27 000 2Pk Acute 1 000 27
Sulfamethoxazole (SMZ)
itk iz % E (SDZ . -
(S5DZ) i A ¥ ¥ (Selenastrum capricornutum) 2 200 000 2P Acute 1 000 2 200
Sulfadiazine (SDZ)
20 () [_INORZCTe I ENREXY] SMZ 400 M) [ INORIZCIP B ENR S SMZE—JsD7
S ol B i
~ 200 -
~Z ~& 30|
2 g % i 22 il
EL RN EE
M@ M@ 200 [ il
¥ 9 X g , =N
W% g 100 % g i N y
s He i g |
B3 B2 100 [ L i
L H AN | & BN
= 50 = \E NI INE i N & &
= = N oA B L (LR
< < IR e s L T
oL o LA L7 i i L
Cl C2 C3 C4 C5 C6 El E2 E3 E4 E5 E6 E7 E8

B2 ARMEREETK BIRE

TE:(a) WWTP-C F AL 2R, (b) WWTP-E HAHTAE RWREE ; K C1 ~ Co A IR (R Tab i R 4G Ak s |
TUTH IR K EL ~ B8 AR SRR MR RUTRNE AT R A BT A T AR K
Fig. 2 The abundance of different antibiotics in two WWTPs
Note: (a) WWTP-C, (b) WWTP-E; C1 ~ C6 represent influent water, aerated grit chamber, anaerobic chamber, oxic chamber, secondary
sedimentation tank and effluent water, respectively; E1 ~ E8 represents influent water, aerated grit chamber, primary sedimentation tank,

anaerobic chamber, anoxic chamber, oxic chamber, secondary sedimentation tank and effluent water, respectively.
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3 fin, BiA3EF , WWTP-E %} NOR F1 CIP (1) 2%
F2 80% , i F WWTP-C; 1fif WWTP-C I %f SMZ
R I R B R(85.64% ) ;2 JRE Y5 /K AbHH )X ENR
M) R BRBORAME: , L BRFHAE 50% . FE WWTP-C
W, G WAL BB ST XS NOR il CIP F 2 B 343 1]
9(0.43+0.07)% F1(0.50+0.04)% ; /£ WWTP-E 1, —
oWy ik BB ST X NOR HI CIP 19 2 B R4 51 K
(0.38+0.03)% F1(0.70+0.02)% . R, 388 T 75 7K b B
J”%F NOR Al CIP Ay 2Bk FFok [ A= Py ab e s
JC, TUER R BRIk 46.21% ~64.09% F1 76.71% ~
89.21% ., SMZ 1 2% B 1E 0L H1 5 I K A8 12 K2,
WWTP-C #l WWTP-E X} SMZ 1) % B& 3 4 %I
H 76.36% 11 85.64% ,{H SMZ [ 5 78 — g Ak Wy ek
FREOTHT A B B8 L, FIWdE WWTP-E 1, %)
Pl KT SMZ ¥R 116.0 ng- L™, — Uit ik
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A—ERRFR, HET, A RMEHEE T 205K b3
X BT AR TR 0 R BRAE 5 0 AN 7845, (BAR
2 H I TEAE F R WA R LT A= ik
FHE DL X 5 7K e ) il e 2 T A 3R R B A A R
fif o FEARBIFGERY 2 JEVS K AL BR T H 2 R
SFIHEEXNT SMZ ARSI AR, T CEE [ wt
G337 W R G IR Ak K il e — VR AR VR ) I i K R AE
95% , HL I IV 3R 258 5 5Bt 4 4% SR G e 8 446 DK 44
K, 3% ] e 0 B 0 A ACHLEN R e p Al R
fR 532 R A

(HAAE R AR RELEHXT T SMZ AUEA 2=
B AE T, Rk il SMZ A BT . X
SDZ , 2RI R 45 R, UG 7 DA A
A R 91 A e S (Y 25 iR S 4 iE K Ak
BT R e S B AR 2R A A BRE H E A TRE N, X

100 [ — %Ak B Primary treatment (b)
[ = %444k 31 Biological treatment
T ] %M Chlorine disinfection
80 - [T - ]
T [
s I 1
igm— —
HE 40
& B |
I 1
20 F [T
0
NOR CIP ENR SMZ SDZ

B3 AREMERERTK HERE
7 :(a) WWTP-C;(b) WWTP-E,
Fig. 3 The removal rate of different antibiotics in two WWTPs
Note: (a) WWTP-C; (b) WWTP-E.
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2.2 CERUKTHE bR S HiA R R AR OGP

SBURO =P 2 e Rl I TE (=7 AW 1K 7 Na o 97135:3
PIAH AT R IR, RS 2 RS K AT H 1
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(HA TSR, DI — S B i a8 i 2l
M5, Fan 5659848 vk B2 A o A= = nT LU
2 TR A B LR T, L B A v o 2 2 AT TR ASCR
Dorival-Garcia %5t & B A £k 32 72 X 98 14 345 il 25
Pk R R BER IS 60% , X UEER R P4 RN

EERATRE SAEYIR A B A MR, 2 HET5 KAk 3
TR B £ R A R L5 COD 77 i 3 1E A G (P
<0.05), M — AL B F| — g A W Ab I T5 K TP
COD Fifi%5 15 /K A PR FRRFEL T B, b2k R AR fk
W2 AR R A (P 4), SO T5 7K A B 1 o A
W LA, EATA B s AR, il
Tt %0 .pH . TDS , 75488 V5 7K Ab | al e B b4y A
WP ARSCE . (B i T H AR BN, B E
TS HA RAEAEI IR R I IR A RIS
2.3 ZYUKMEBTAE RS KSR
2.3.1 TgKAFR) Hud: RHECE

XP T AW 58K A A X, WWTP-C Al
WWTP-E & H HERCE 53714 28.80 g F1109.70 g,
o s A 25 PR R H HECE 73 51k 22.70 ¢ A
73.03 g, M Pi A H HEBCR 4351 6.10 g Al
36.67 g(K15), AR, BETE /K AbELH K HEL 2 37 9
TR By M R 2T A: R e (AR e
2.3.2 YKL A R TS R 0 R SR TR

XFFX 2 JET5 KA () S oK b Rl
B A S A B {E AN 2 BTk, NOR _ENR Fl SMZ
[ RQ ¥I7E 0.1 ~ 1 SEHIP, S H XU 5 1 CIP 7837
FNE T RQ U431 813k 2.631 F1 3.571, J& T i K
K . SDZ7E i il B RQIE AL H0.004 , Sy AR XU .

WWTP-C

" 00QO
. .

COD
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NH,N

WWTP-E

1

i—l
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»n Z

=4
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CIP
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z © g » @

4 AFRIBACIMERIRESEMAKRIEFRE Spearman 83 1%
1. TDS 7R A M EIR , COD R k2 4 i, DO FRIE M4, * I * 43 B3R P<0.05 . P<001 B,

Fig. 4 Spearman correlations between antibiotic abundance and water quality parameters in two WWTPs

Note: TDS represents total dissolved solids, COD represents chemical oxygen demand and DO represents dissolved oxygen;

*and * * denote significant correlation at P<0.05 and P<0.01.
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Fig. 5 Quantity of sulfonamide and fluroauinolone
antibiotics in WWTP effluent
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BB A 25 B9 Az 25 RURS: B iy, X 7K A 2552 e B K,
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7K CIP \NOR ENR 45 Wi i 25 Hi A= 2 4 4k T 15
JRURE: , BT 4557 2 BT T % )2 7K NOR | CIP .34 4k
T RS, Az RS 2 %) (1) R A 5 SR ¢ B AR L AT

TRIVRR Jrie g g | A6 HE vk B R E 25.0 ~349.7 ng-L7' 2
(B, VEIRUD R AP VD AR R e FH O s 2 3 T 75 7K
JoHE K i B 3 FhpiAE R HYREHAE 100 ng-
LU, HAE K P RARFEAE

Q) "G A Wy b B BA ST X SR D R RN VD A
A R R BRALCRE, ST B0 B R A A e 1Y
R ARG K AL B T2 R A A BB K
B R S T, V5K A R
1 COD, 5k H BT Z A BB M e

G)EKAIR T Z A Kt i E D &R
B e BRI et ok 1 A A XS S5 R 38 A U 7K
0.1 <SRQ< 1), M P& = K F: (RQ=3.10>

T b X R AR T K R BRI RAATE R 1), AT REX 2K IR K AR S RGP A R,
x2 ZHXEMEENREE
Table 2  Antibiotic risks quotient in receiving waters
il il
the Chanhe River the Bahe River
T XL
A R AR A R AR
ik % - N FIf(RQ) R 5%
L (MEC)(ng-L™") (MEC)/(ng-L™") . .
Antibiotics U R {E.(RQ) U R (E(RQ) Mean risk Risk level
Measured environmental Measured environmental .
) Risk quotient (RQ) Risk quotient (RQ) quotient (RQ)
concentration (MEC) concentration (MEC)
Ang-L™") /ng-L™")
e XU
NOR 13975 0.135 19.122 0.184 0.160
Medium risk
e RS
CIP 13.153 2631 17.854 3571 2.101
High risk
e XU
ENR 10.194 0208 8511 0.174 0.191
Medium risk
e XU
SMZz 10.029 0371 14.740 0.546 0459
Medium risk
R RUR:
SDZ ND ND 8.097 0.004 0.004
Low risk

TE:ND i TP ARAE Y SR ER T

Note: ND can not be calculated because it is not detected in waters.
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