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Abstract : A method was developed for the simultaneous determination of 15 typical antibi-
otics in the wastewater and sludge from wastewater treatment plants, using ulirasonic-
assisted extraction followed by solid phase extraction and ultra-high performance liquid
chromatography-tandem mass spectrometry. The wastewater samples were enriched and
cleaned-up by filtration, acidification and solid phase extraction cartridges. The sludge
samples were firstly extracted by ultrasonic-assisted extraction with a mixture of Mcllvaine
buffer-Acetonitrile and Mg( NO, ),-NH, + H,0 with a volume ratio of 3 : 1, and then fol-
lowed by SPE process. All antibiotics were separated by gradient elution with the mobile
phase of 0. 1% formic acid aqueous solution and acetonitrile, and then quantitatively ana-
lyzed with an electrospray ionization source in the positive ion and multiple reaction moni-
toring modes. After Optimization, the 15 antibiotics achieved great linearity in the range of
1 ~1000 wg/L (R*>0.995), and the average recoveries of wastewater and sludge were
57.02% ~156.79% and 36.98% ~ 143.76% , respectively, and the relative standard
deviations were 0. 18% ~10.64% and 0.77% ~8.31% , respectively. This method has
been successfully applied in determining samples of the wastewater and sludge from a mu-
nicipal wastewater treatment plant in Ziyang. Ten target antibiotics were identified in the
wastewater and sludge, with the concentration ranges of 9. 70 ng/L ~ 551.27 ng/L and
15.73 ng/g ~2 972.20 ng/g in wastewater and sludge samples, respectively.

key words ; municipal wastewater treatment plants ;antibiotics ;ultra-high performance liquid
chromatography-tandem mass spectrometry ; solid phase extraction ;ultrasonic assisted extrac-

tion
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o DR DR Y ) 4 4 0 2 47 , T Xk A 288 A B 7™ 2

PR E ) 2T W5 AT A B2
A TR, e 2 1 VR GRS in R ASE 2 B & 1Y
AR E R R R AP AE A A
H 2 EZ— 2013 4E P ENH 2R T 92 700 t HiE &,
f45 36 FhpiAE o A 9% 5 48% , i
i 52% , NI5H B A 3k 3 ] R A RROK 3B 43 b
XM 6 fifZ2 £ KEMH NP4 RIT
ANRETE MR, 256 70% LA PERE AR L2
Wy Sl A= P HE o] i 2 Ak AR TE A K 3R
BELON IR A AR BRI BB 175 Ak A B
J WA T KA T RO P R A
FFG G, Hvk B 28 ng/L ~ we/L 2200,
SR, V5 KA T I AN BE S & e BrpiAE R
IR i A R R AR 23175 5 1 247 11 I 24 Jk

FIA, BN AT T R5 R b 2R A A6
W AR G — ) 5 AR UE, IR BRI 7 v A 4
O 63892 (high performance liquid chromatog-
raphy , HPLC) \“AH &35 - FiE B H % (gas chroma-
tography-mass spectrometer, GC-MS) & AH {21 1% - Ji
JEER I (high performance liquid chromatography-
tandem mass spectrometry, HPLC-MS) A8 B 2R
AH L3 - FR K = PO AT BT 5 (ultra performance
liquid chromatography-tandem mass spectrometry,
UPLC-MS/MS) %24 | Hirfr 'UPLC-MS/MS )2
FHURE Ry R REVESS R A TR R TR R AR
BT URR A A2 20200 i R, D S
PREGRE TR 3R BT RO 5E | PREE G 3 B it i)
AEBRIRAE o SR L S H, KA A i AR BT 1
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T WA TBOE K V5 KRS R 15 Rt A 2 WA E ik Ak 27

S EAHZE B (solid phase extraction, SPE) | [& 4
R AT AL 37 1 Sy R R U R A - AR AE B
(ultrasonic solvent extraction-solid phase extraction
USE-SPE) 72227 g F RIERE i 40 A2 3R
FY 2 H A 5 28 S5 AR AN [m) B 58 6 Jo 52 %
FRBEA —  BEXF A [6] P15 4 D0 A HE T A 3 25 A8
XTHA R AERR I B oC 2, AR, BN
HMEHZRIK A KK 5 EOK SR T i A R
BRI 7k T & J7 T T i T R & AR IR 1
BRI HICR:  AH B BT A TR 73 B ROR 85 22 5
AR FE I 54 58 ) AT () B 5% T IR 75 e 5 B Oy
S AR Bt AR R ORI T R IR R
ez 220300 R i Sy — o [ A 0 T B0
KT 5K e b Z 2R 50 R s + o
W

ARSCUATG 7K AL B A G oA SR i Y 4 RSk
FF5 4 FlPU IR K 2K (tetracyclines, TCs) |5 Ffifish il
2% (sulfonamides , SAs) 4 FEE S (quinolones ,
ONs) 2 RN EE L ( macrolides , MLs) it 15
i B 40 4= 3R O H bs bt 2k R, R ] USE/SPE-
UPLC-MS/MS A HALAL T 1045 70 Hr 2 Hom
RS RE T7 vk N T —Fh s T i BUE K
15K FTG Y 4 25 15 Fh st B H A= R A [A] 2500
Tk
1 MRSk
1.1 {XE5iH

R e OB 5,335 43 ( ACQUITY UPLC, 2 [
Waters 28 7)) , Ao = 5 DU AR AT 88 BE 5 1% 13 ( Xevo
TQ MS, 3 [E Waters 23 A ) ; [FAHZEHAL (12 & B
ARG YA 3 H Supeleo 23 A ) 3 A IWAL ( HGC-
12D, R AT fE BB A A ) 5 A% Uk TR AL
(SCIENTZ-12N, T 7 2 LE W) BH B A BR 2>
wl) 3 0 2 5 O HL (TDL-5-A , b VA 42 52 ) 2 A 2
J7) 5 RE R VEHL (AS3120, KRB R IX
AT I BETR ST 4% (Vortex 2, T8I IKA A7)
FBALKE (UPT-I-10L, SR AR AT PR D )
& AHAE B/ NVE (Oasis HLB 6 mL/500 mg, 35 [F Wa-
ters /Aﬁj) o

15 FhHUAE R bR e AL EE 4 A TCs SR R
(doxycycline, DOX) | PUFR Z (tetracycline, TC) | 4
HFEER( chlortetracycline, CTC) | + % E( oxytetracy-
cline, OTC) ;5 Fl SAs . fiffi it — F & INE ( sulfametha-
zine ,SM2) fiffi i M IE ( sulfadiazine , SDZ) fiffi i F
BEIE (sulfamerazine , SM1 ) it iz 8] H 420 1% € ( sul-

famonomethoxine, SMM ) fitk % 54 54 %% ( sulfachloro-
pyridazine, SCP) ;4 F QNs : RN VP ( ciprofloxacin,
CIP) J9IP B (norfloxacin, NOR) P & (oflox-
acin, OFL) . Bl 7P 2 (enrofloxacin, ENR) ;2 Ff
MLs : % 418 2 ( roxithromycin, ROX) | P & 5 &
(azithromycin, AZM) , LA F3504 F 2 [E Dr. Ehren-
storfer GmbH , 2 E KT 99. 5% .,

s NG LR TG A R X g (5, 35 2l 2
Na, EDTA ZALIN SR BE 20K AP B | B2
A ENFNBEIR A2 R ATl
1.2 kB

FEHRFRI 5. 0 mg B0 R RE A I T HT
B RS 2 100. 0 mL AR A T E 2804
A7, BB 50. 0 mg/L BT A B bn HEAK 25 W T
=20 C R #OEIRTE . KB IR P E R AR MERE &
4 mL 2 100 mL AR @A, A A R
ERIFPES) FEHIA 2. 0 me/L WPTA: RIR B PrifE
SERVRIT -20 C R REOGORAF, T, FIARR
5380 20% 1) F A O R R T e i
1.3 HRRESHLE

2020 4F 5 7 SREE T DA BE FH T AL 5 K b
PR K S A A UK IR AR 6 A, B
IORE RSCRAE 2 L KBRS AAR ASRAE L, AR 0K
TSR, T 4 C FIRAE,48 h N5 LT
GLSLIN

T KRR K REZE 0. 45 wm B 35 27 4 JE 0T
UBJE , R R H 500 mL, JIA 0. 25 ¢ Na, EDTA i
S (EKETHN SRS T, K5
H,PO, 477 pH £ 3.0 &£ 4, 6fF T 4 C TIHFE
48 h A 5E MU ARAS I, AU 10 mL FH (10 mL
47K (10 mL pH =3 [ 46K 3% 16 HLB /M,
BEAL RS A K FELL 3 mL/min 2247 A9 7 1400 1o
HLB /NESEAT & 4 5 58 g HE R, T 10 mLL 8 4
JKIRTE HLB /NHE LA ZS bR 2% 5 25 TR 2 h 26T,
P 9 mL ARFUIECR 0. 1% FR-H B et
VBB 10 mL A9 WA WA, ELOR35 kA T i
91 mL/min Zedq s B SO RO BEBGIRAE 35 C R
WA AW E 0.1 mL A7, RS8R
200 HEBERERZE 1 mL, WERD 2 ~
3 min, JH0. 22 pm S FLIERMEILIE R HAL 22 1. 5 mL
fEE P A% T -20 CF, ff UPLC-MS/MS
30T

TG URFE A B R AR B TS P AR T =20 C TR
R e, 22 48 h ¥ UR TR e WP A e, 1
PR, 0 g il 5 B35 98B T 50 mL /9 5 VU 36
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ZIEBELE R, MA LS mL AR AL 18
Mecllvaine 28 A 2 NG VS, iR €52 1% 2 min, 8
75 15 min,5 000 r/min 20> 10 min, ¥ FiHRE
RO B, B2 AR 2 UK AR AR TR A
5 mL AAFHEE R 96 ¢ 4 Y Mg(NO, ), FiI NH, - H,0
IR SRR, B R A b TR AR 2 WK BT A
U, FHR 4 /K A B 2 500 mlL, Fifi J5 1 17 [ A0 A
W AP BR 5 15 7K i AL AR TR]

1.4 D&

{3 2% : ACQUITY UPLC BEH C18 {aif#+
(2.1 mmx100 mm, 1.7 pm) ;A1 .40 °C ; FEREE
F5 L ifii# ;0. 3 mL/ming sl AH A AR FR 3 4L
0. 1% WKW, WS AH B & ; B BE eI F2
J¥:0 min,10% B;8 min,12% B;10.5 min,18% B;
15 min,540% B;17 min,55% B;17 min,90% B,

JoT i 2% 4. H IS 25 B9 F R (electrospray ion
source , ESI) , 1F B F A B IR . 150 C 5 i

PRI : 500 °C, B 0] U0 - 800 L/h; B4
3.5 KV HEFLHLUE 35 VSR Z SOn il
(multiple reaction monitoring, MRM ) B2

2 ZR5T®

2.1 FRiESHMMEN

Yo SCRRARIE 7Y 4 KIEHBRPiLE RAE ESI
TR AR, SR A MRM A i g 197 425
DRI, A SCde B 22 I B W EST+HAR ST, 4 15
Pl 50 pe/L HARPUAE RARHER W 0 0 0 A BT
U8, 76 ESI+BE T SR 47 25 1 4, 126 B ) % /=
(1 B TR R iZ Ak B W B B 7, SR 5 W8 1
HEATRERE B 2 M AE R B TERN T T,
FEXF 45 H AP A R 10 5 X 1 TRl 1 R 2
FiESHARAk . 15 P EFRBUE R AE MRM B0
MBSO 1,

&1 MRMEHT 15 MBGRAERHNRIERESH

Table 1 Mass spectrometry acquisition parameters for the 15 target antibiotics in MRM mode

HirbiE &R B /min -+ BB (m/z) FETF(m/z)  HifEEER/eV
ik i s g SD 2.67 251.1 156.0%/92. 1 14/27
i i Y v g SM1 3.82 265.1 92.1%/156.0 26/22
ﬁfﬁsﬁff it iz — Y g e SM2 5.34 279.1 92.2%/186.1 32/24
Tt Y (] FH A s g SMM 10. 14 281.1 156.17/92.1 32/28
Tk e A b R Scp 10.29 285.0 156.17/124.0 24,21
THER 0TC 6.63 461. 1 426.2%/201.2 32/35
puERze POERER TC 8.54 445.2 410.3"/427.3 17/10
(TCs) Lz CTC 15.77 479.1 153.9" /444. 1 30/20
MR DOX 17.81 445.2 428.2%/321.5 24/30
R E NOR 7.61 320. 1 302.2%/276. 1 21/10
wsieEk AR OFL 7.61 362. 1 318.5"/261.0 17/25
(QNs)  prppps cIp 8.38 332.1 314.17/288. 1 20/15
R i ENR 10. 68 360.2 342.4" /316.1 19/17
FIFppe  PIARER AZM 17.49 749.5 591.37/158.0 25/25
(MLs)  worg% ROX 22.55 837.5 679.5° /158. 1 30/35

o ERTET,

2.2 BIESBEREFHMLL
XA RGP RAE YT L NE | H

P TEHLIR B9 7K V8 W4 B8 B0 U 3 A A 2R AT

B AN R RN K S B A B el DUA R H

PRUTAE AU TE B S BT RG22
WFE R AR S AR I AARER 2 ECh 0. 1% HR
ATRUREHGE AARPUE R IEIE . NI, A SR
FHATRIM N 0. 19 HIR-/KF L 8 — oo
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T WA TBOE K V5 KRS R 15 Rt A 2 WA E ik Ak 29

TR R X HAnbi A RIEATREEE Ve 70 5 . 45
B, 1S T BARPUA: 2 2R LAAS 145 5 A il
ERRIER o 15 2 7ia b (UL I AL S 0 = D % 5
RARFIRE, AT 15 B HARPUAE R YA 8 A sk
O3B X S ARV R P AT T AL, B A b
BEVE A2 % H: 0 min, 10% B;8 min, 12% B;
10. 5 min,18% B;15 min,540% B;17 min,55%
B;17 min,90% B, GBI AEEWME 1 ik,
Y BRI G B

Wi S AE/ %

Tl A A

9,
2.00 4.00 6.00 8.00 10.00  12.00 14.00 16.00

f/min

1—SD;2—SM1 ;3—SM2 ;4—0TC ;5—NOR ;6—OFL;7—CIP;
8—TC;9—SMM;10—SCP ;11—ENR; 12—CTC; 13—AZM;
14—DOX;15—ROX,
E1 15#BERRERNEEFREIEE
Fig.1 Total ion current( TIC) chromatogram of

the 15 target antibiotics

2.3 HEmETaEFAEMMAL

[EAH AL ( solid phase extraction, SPE ) Fli# 7
ERZE B (ultrasonic solvent extraction, USE ) 4 AR
&8z TR i P A R B P
RPALFRT202320 R AR SCR T SPE i USE
AN 5 KNS PRt it vh B A 2R EAT SR A A
Ak, A P R 5T 8 T (R 4 e AR b A
RN F5 X SPE PEMRI A USE 425U 7547
etk

E I RIS R 2 e H Ry H A o3
B A TR0 253 AR SO B T R A AR
I3ECN 0. 1% HRR- TP B VeI B ARFRLE Ry
11 BB e CAR B B0 2% &
K-V RS BCRIDE IR D AR R 12 1 i -
LR CTRX HbRbiA: R BEBEBCR , an gl 2 s,
VR A XA HbRdod: 3 A BESCR BT,
M %A T 57.02% ~ 156. 79% ;5 24 ff F v i 71
B .C A1 D I, DUPRZR | Wi R S R BA A Mg 26

PUA R PR ENT 35% o PRI, A SCERER
TR 0. 1% WR-H A AR eI

1800 e ppiIA
VERLAIB
VERLAIC
150 - ey f)’*ﬁﬂﬂ?‘ﬂJD
120

|/ %
S

—

i Il
30t I I . 1l

FBERL] EUEEL

0 oM 18 M i T

AT U 280US AU S X X
= S O

532885582 828388¢8

B2 AREZREBRATERRERDKRE
Fig.2 Target antibiotic recovery rate under

different eluents

4 REP A E AL S5 AN ], B 1 R R ik
PEZE SRR, R B AR5 B4 B AL PR 5 AT A
HIRFTE &I, B NG P B A ALV 700 R 55 1R 55 ik
VSR 8 P A B ] A 35 B AR R o v 3 R
T Na S AL 7 R o | | SR 0 S )
TEFEBGR H A in Mg 28 0] LA S50 v s i T 2%
PUER R BIER AR T FERGR A AR
FboR 3 ¢ 1 %) Mellvaine 2% /- £ 5 1 Mg (NO, ) ,-
NH; - Hzofiﬂfﬂl BARFHEE M 1 1 1 9 Mcllvaine
2% WPRORT B VRN AR BGR) CARFRIE R 1 2 1 1Y
Mcllvaine Z& R A NG WO 21 Fh B bsdiE R
FIFRIUSCR, an &l 3 Fras, ZEBGR A XA H Aw
Pk R AP BUSCR Y BT, IR T 43.3% ~
143. 8% ; 4 FHH A BGR B F1 C A, TG 2% $2 B
NOR ,OFL F1 CIP, PRt , ASCEEBARFLL R 3 1
1Y Mcllvaine Z& -2 & F1 Mg ( NO, ),-NH, - H,0
VE AT TR I ZE B
2.4 ZRMESEE KR EESRFERE

el 1.5.10 .50 100 250,500 11 000 wg/L
AN [vi) ot e VA B2 6 VR B A M TRV R, 4% 1. 4
AT AR EATIN AR i DAMREE
BEAR R, W TR AR bR il i v 2k, ety A
FABRZREI R 2, G5 RERW 15 F BirdiA R
MIERPESC R RAT  FHC R (R ¥R T 0. 995,
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S FER, R AR R (LOD) FIE BERR1eor —ERIA
(LOQ) 4+ BILAE ML (S/N) =3 1 S/N =10 i | |5 =
L8 15 B EAFHUEZR LOD M LOQ 4M 8 ol 1

0.01 pg/L ~2.97 pg/L #10.06 pg/L ~9.90 pe/L,

LTS 7K R e B Ry FE R HEAT bR [l S 58,
PR BE A 100 pe/L, 5 8 3 A FATHE, 426 1.3 1
J5 R AT R AL, 25 1k [ AR RIOR 4
SRR, BArbu A R AR V5 K 5 U8 38 5 i e 40
W2 43 B 57.02% ~ 156.79% i 36.98% ~

143.76% , K X Fr #E i 22 20 9 4 0.18% ~ 0

80

R/ %

Q NU:M-JEUs 2 U S X X
10. 64% F10.77% ~8.31% |, 325280 528088¢

B3 AEFENRFTEBRAERDRE
Fig.3 Target antibiotic recovery rate under

different extractants

F2 15 MAARNAEERE KA EQHR EERME KX
Table 2 The linear range, linear equation, limit of detection, limit of quantitation

and recoveries of 15 target antibiotics

g HEERY bt gy WXREC fihby R ; @W’}“ﬁ/%é
(pg- L) (R*) (pg L") (pg-L7) 5K 157

SD 1-250 y=29. 817x-5. 8953 0.999 0.24 0.80 61.88 61.16
SM1 1-250 y=56.277x-76. 617 0.999 0.02 0.06 61.87 66.46
SM2 1-250 y=81. 882x-72. 48 0.999 0.01 0.18 64.35 56.97
SMM 5-500 y=6.239x-35. 639 0.999 0.14 0.46 110.73 69.20
SCP 1-500 y=7.9046x-59. 573 0.999 0.08 0.26 94.44 43.30
TC 10-500 y=13.433x-354. 1 0.997 0.31 1.03 63.57 79.91
CTC 10-500 y=15.262x-420. 09 0.995 0.13 0.44 105. 18 137.07
DOX 10-500 y=20. 987x-521. 53 0.995 0.06 0.20 102.77 60.57
oTC 10-500 y=7.5844x-179.72 0.997 0.44 1.48 66.92 53.26
NOR 10-1000 y=14.708x-756. 15 0.996 0.33 1.11 79.38 63.26
OFL 10-1000 y=124. 12x-2486. 6 0.999 0.02 0.07 67.49 48.28
CIP 10-500 y=12.391x-157. 8 0.999 1.21 4.06 122.17 143.76
ENR 5-250 y=31.934x-71. 893 0.999 2.97 9.90 105.19 103.97
AZM 5-500 y=66.27x-169.7 0.999 0.02 0.08 156.79 80. 12
ROX 1-250 y=23.692x+17. 034 0.999 0.12 0.41 57.02 36.98
2.5 EBRHEERKN WeRE S5 196. 05 ng/L il 494. 67 ng/L; 151 H

WA ST T T U BT R SRERMPTERTS YY) 2 NOR Fl OFL, Hk 4y
TEG KA BT 5 K FG A dl th it A= R I BIo8 2 113.63 ng/g ~2 437 ng/g F12 901.03 ng/g ~
FE L EERNE 4 TS FiR, T5KAERTEA 10 2972.20 ng/g, 15/KALEE T 200 83 i kL
P EBR LA R WA, R BE M50 9. 70 ng/ L~ A8 RBREUE AT HIE M LB, Hk, A 024
551.27 ng/L 1 15.73 ng/g ~2 972.20 ng/g, 1 WH5/KAFR ) rhai Az 222605 Y Wi 43 A T 22 5 3
KA ERER YA BTG Y 558 SCP M OFL, H: FHIR ARG,



F3sEFE2M T T EGE KI5 KRS e 15 R E AR 2 R E T Bk 31
2000 o 8.31% , ATy H T % BT S5 K b BT
i SM2 15 KRS e b AR A 10 Rl A= 3R L
772 SDZ N =, N, N
. 1600 e AZM FET5 K RN 5 U H ) e B 53 0 R 9.70 ng/L ~
B 551.27 ng/L F115.73 ng/g ~2 972.20 ng/g,
< 1200
g
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