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Abstract: Nonsteroidal anti-inflammatory drugs ( NSAIDs) are a class of synthetic drugs that
do not contain glucocorticoids. NSAIDs are widely used for their analgesic, antipyretic, and

anti-inflammatory effects. Due to their low adsorption coefficients and recalcitrance to biodeg-
radation, NSAIDs readily enter environmental water through sewage discharge and exist stably
for long periods. The long-term presence of trace amounts of NSAIDs in environmental water
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has adverse health effects on humans and animals. Therefore, it is important to establish an
appropriately sensitive and reliable method for the determination of NSAIDs in environmental
water, where their concentrations are low. Ultra performance liquid chromatography-tandem
mass spectrometry ( UPLC-MS/MS) is highly selective and sensitive, and so is especially suit-
able for detection of NSAIDs. Solid phase extraction is one of the most commonly used pretreat-
ment methods. The extraction efficiency depends mainly on the adsorbents used. Metal-organic
framework (MOF) aerogel SPE materials combine the attributes of highly selective adsorption
property and high affinity. Moreover, the monolithic structure of the MOF aerogel composite
simplifies the solid-liquid separation process. In this work, a novel MOF/chitosan (CS) com-
posite designated Co-UiO-67(bpy)/CS, was prepared as the adsorbent material to enrich keto-
profen ( KPF), naproxen ( NPX), flurbiprofen ( FPN), diclofenac ( DCF), and ibuprofen
(IBF) in water. This facilitated the detection of these compounds by UPLC-MS/MS. Co-UiO-67
(bpy) was synthesized by a solvothermal method by mixing zirconium chloride, cobalt chlo-
ride, and the organic ligand 2,2-bipyridine-5,5 dicarboxylic acid. A CS suspension was used to
prepared the hydrogel, which was freeze-dried to obtain the Co-UiO-67(bpy)/CS aerogel. The
prepared material was characterized by Fourier transform-infrared spectroscopy ( FT-IR) and
scanning electron microscopy ( SEM). Co-UiO-67 (bpy) was embedded into chitosan. A layered
porous MOF composite aerogel was observed. The extraction efficiency of the five NSAIDs was
investigated and optimized by assessing type of extraction material, MOF amount, extraction
time, sample pH, ionic strength, formic acid concentration in eluent, elution time, and elution
volume. The optimized results showed that the target compounds could be completely adsorbed
within 5 min. In the UPLC-MS/MS experiment, NSAIDs were analyzed in the negative ionization
multiple radiation monitoring (MRM ) mode. Gradient elution was carried out with 0. 01% for-
mic acid aqueous solution and methanol as the mobile phases. The analytical method was estab-
lished in the optimized extraction conditions. The five NSAIDs displayed good linearity with lin-
ear correlation coefficients greater than 0. 993 7. The limits of detection (LODs) and limits of
quantification (LOQs) of this developed method were 0.32-2.06 ng/L and 1.05-6.78 ng/L,
respectively. Satisfactory recoveries of the five analytes were achieved within 74. 5%-114. 1% at
three spiked concentrations of 40, 250, and 1 500 ng/L, as well as good precision with relative
standard deviations of 1. 3%-12. 3% (intra-day) and 1.3%-11. 5% (inter-day). The method was
then used to test real-world water samples. Trace amounts of ketoprofen and flurbiprofen were
detected in municipal wastewater ( 14.52 ng/L and 10. 05 ng/L, respectively ). The method
exhibited good sensitivity, accuracy, and precision, and the operation process was convenient.
The present study thus presents a novel method for the detection of the trace NSAIDs in envi-
ronmental waters.

Key words: ultra performance liquid chromatography-tandem mass spectrometry ( UPLC-MS/
MS) ; dispersive solid phase extraction ( DSPE) ; metal-organic frameworks ( MOFs) ; compos-

ite aerogel; nonsteroidal anti-inflammatory drugs ( NSAIDs) ; environmental waters
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1.1 5 F
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A AR AL (A m B B A BR A R ), JTN200
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D-24UV #ilizK #1.( 3£ [E Millipore 23 H]) .

A B R SE BT R 2505 U i < BRI 2% (KPF, 4l =
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5512 (DCF, 2l = 98%) | J LL % 7% (FPN, 4l Jif =
98% ) M [ BT R T fb24 i A BR 2 ), i 4l
FH 200 1 72 R v ), i PR R ) 1) R R 2
RIGRFI A BRA 7, 20 O e I [ 24 46 AL 24 R
FRAF N, N-ZH HH Bt (DMF) | PKE§ R | 79 R
I (GLA) W B RHEE THS AL TAHBRAF]
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2 HE SR 238 2R FH I 7 #4032 A B Co-Uio-
67(bpy) . KrEfbE: (0.048 g) 2, 2-BEMLIE-5,5 —
FRIR (0.045 g) AALEN (0.025 g) FHIKES IR (93
pL) A F 20 mL DMF H H IR K # 2
50 mL R AR T, IFTF 120 T F RN 48 h,
i OIS 8 Co-Ui0-67 (bpy ) , F DMF F1H
sy vk JFZE MR T8 12 h,

Co-Ui0-67 (bpy) /CS &L 1 il & AR un A 1
JiR . WSCRME (L g) By AR WS IR 2% B IR 7K 3 W
AR R B 1% ST BRI, SR EHL
0. 04 g Co-UiO-67(bpy) MIAZ 50 mL FEH, A
10 mL &850 80N 1% 19576 BME W, FnA 0.8
mL 0. 5% J% KW, T 60 C/RBHHE 50 min,
PATEI . W1 mL Bl % TN, F
~18 CUKAEP R 12 h, ¥ HS %R T4 24 h,
B B 4lK Pk is K BRER B8 2R, FH DI T &4
B TR RK B R E IR C e IR I 4 h i XU
KT, 153] Co-UiO-67 (bpy)/CS SHEEK .

1.3 HABrtiE

¥ Co-UiO-67 (bpy )/CS S &t ik # KL & F 50
mL B4 T A 20 mL KEE  F IR ETR 21
IFEE S min, ZIE RS, # Co-UiO-67 (bpy )/
CS BB POKAE R FH 2.5 mL 1% H g H
PRV 2 YR, AR 3 min, YA B R I VAL R
Weds 2T, H 0.5 mL 35% H LK W 2, H
0.22 pm 383k 2985 8 H UPLC-MS/MS faiill

14 UB&4G

%l ACQUITY UPLC BEH CI8 &% 4% (100
mmx2. 1 mm, 1.7 pm; 3 E Waters 23 7)) ; i 40
C,HshH A (A)0. 01% H R K7W (B) B, i
HWH 0.4 mL/min, BEVEBRFETF R.0~0.5 min,
65%A; 0.5~11.0 min, 65% A~5%A; 11.0~12.0
min, 5%A; 12.0~12. 1 min, 5% A~65%A; 12. 1~
13.0 min, 65%A;, #FEEN 10 pL,

B ESLIR, 5 B 1R 22 ey I AR =X
BRI 350 C; U HL R . -4 500 V, AT UE
71:2.07x10° Pa; 50K J1:3. 45%10° Pa; 4 Bh #%
JE77:4.14x10° Pa, 5 Bk R 250 R 24 19 HAth 5T
ESHE L,

2 SRS

2.1 MRBRLE

& 2 & Co-UiO-67 (bpy ) il Co-UiO-67 (bpy)/
CS REERM B BE R, anl&l 2a w4
() MOF's vk BA B 4519 73 # Mk, MOFs ks iy R
~F245°4 50 nm,

K 2b FE 2¢ Frzr, Co-Ui0-67 (bpy ) /CS &
FHEARE R Z AL A5 0, 5 SR s 28, A7 7R
UKERTHE T I ROR AL, 785 e R, Co-
UiO-67 (bpy ) /CS 43 4% K AL RE % W B R = 1K
BT AL R T R AR BT (LA
2d), Co-UiO-67( bpy ) ki34 5] 43 A #E B 1 2
7, 55 ORI A 52 SR FLEE

ZrCly, CoCl, Solvothermal + e
A N
COOH
N~ | + +
X N

Co-UiO-67(bpy)/CS aerogel

Co-UiO-67(bpy)/CS lyogel
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{

Glutaral

Acetic acid
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B 1 Co-Ui0-67(bpy)/CS SEAIHY &1t 72
Fig. 1 Preparation process of Co-UiO-67(bpy)/CS aerogel
CS: chitosan.
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Table 1 MS parameters of the five nonsteroidal anti-inflammatory drugs (NSAIDg)

Analyte tg/min  Precursor ion (m/z) Product ions (m/z)  Declustering potentials/V ~ Collision energies/eV
Ketoprofen ( KPF) 6.44 253.0 209.0*, 197.0 -36, -36 -8, -19
Naproxen (NPX) 6.73 229.3 169.8*, 184.8 -38, -38 -19, -19
Flurbiprofen ( FPN) 8.10 243.1 198.9* , 178.7 -30, -30 -12, -12
Diclofenacacid ( DCF) 8.42 294.3 249.8 ", 213.7 -48, -48 -15, -15
Ibuprofen (IBF) 8.71 205.0 161.0° , 159.2 -40, -40 -12, -9

* Quantitative ion.

100 nm

g
100 nm
4k

E 2 Co-Ui0-67(bpy) #1 Co-Ui0-67(bpy) /CS M EEE
Fig. 2 SEM images of Co-UiO-67 ( bpy) and Co-UiO-67(bpy)/CS
a. Co-UiO-67(bpy) (magnification of 100000) ; b, ¢, d. Co-UiO-67(bpy)/CS (magnifications of 1000, 5000, 50000).

WP 3a Co-Ui0-67 (bpy ) M LT 56 B iR
FE 1609 e Ab H BT ML E FA A 4 45 Bk Bl 1 460
em I T C=N Mg R sh g, AT 1250
cm ™ A1 141 em™ BIRICIE Ry C-N A 47 Bk 3l e il

1632
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1082

1023/
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T
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B 3 (a) Co-UiO-67(bpy)F(b) Co-UiO-67(bpy)/CS K
Lo SEiEE
Fig. 3 FT-IR spectra of (a) Co-UiO-67(bpy) and
(b) Co-UiO-67( bpy)/CS

N-H (4725 il R shide 252 | ok st 3¢ W I bt e i A
fE1E T Co-UiO-67 (bpy) H'. Wi &l 3b frw, Co-
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A S I AT s e rR 3451 em! A 0 W i e 5E R
WEOBE 20 N-H 45 9= 3 F1 R R O-H il 4 4
im0 I 1632 em T ARG R C=N 1)
gEPRENE JES2 T CS ERYE ST LS I
RO 2 5 R A R Co-Ui0-67 (bpy )/
CS #HREATEERBES Co-UiO-67(bpy ) 2% LAY &
AR,

fdi ] X HH A 55 (XRD) %t i 4 1 Co-Ui0-67
(bpy) f Co-UiO-67 (bpy)/CS & & b L1 i 1A 25
FIUEAT R AL, N 4a FF 7, Co-UiO-67 (bpy) Y
XRD &% 5 Ui0-67 M B i3k % W &, 76 20 4
5.3°.9.3° 11.2° J 17.2° H PR BY 4 4iF 06 7E 5 SC
Bk IRIE—E, MOFs My A7 § & 015 5 555, nl
e H UM MOFs M AR g/h, B 4b HEGA
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B 4 (a) Co-UiO-67(bpy)FA(b) Co-UiO-67(bpy)/CS HJ
X-GH & AT E
Fig. 4 X-ray diffraction diagrams of (a) Co-UiO-67( bpy)
and (b) Co-UiO-67(bpy)/CS
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L T H -0, 01% H R 7K %5 W R 2 1E-0. 01%
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R 43 B SR A g, DR I 3 20, 019% HF R 7KV TR
YERBAH 5 FhAR S 250 5 24 10 B8 0 (i
FIULIE 5,
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Fig. 5 Total ion current chromatogram of the five NSAIDs
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5 min B, FPN 1% %€ BUSCR I8 B 5 e, 28 K 2 BT
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15, AR L HE A A IR (] A5 USOR TO I AR 4k, TRt
5 min {EN fAEAC B ]

234 K7 pHfH

JKFER) pH AEASDGE W H bR 43 BT e 7K H 1) A7
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S F SR AE pH (H N 3.4.5.6.7 1 8 i} NSAIDs
FOZE R R, 45 B 18] 6d ik, 7E pH 6 1,5 Fil
NSAIDs [HZEBECR BB B T i . X ] fgsE A
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(g) BEREFIAFAFI (h) BERRES BT 5 FAESER MR AFERYRMZ M (n=3)
Fig. 6 Effects of (a) types of extraction material, (b) amounts of MOFs, (c) extraction time, (d) values
of sample pH, (e) ionic strength, (f) volume fractions of formic acid, (g) volumes of eluent, and
(h) elution time on the extraction effects of the five NSAIDs (n=3)
MOFs:; metal-organic frameworks.
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FEFREAS 2 IRGE AR B 7 AR RV B /K-
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FHUA_LEEST WM % 5 Ff NSAIDs #5417 & 84
W, DA AR A G AR bR | Joi 15 V4 85 Ay A A B 2 1 5
Fl NSAIDs MIARMERT LR, 45 R a5 2 Fros, K R
(LOD) FlE & R (LOQ) 43 il i 3 15 A1 10 £ 15 15
HLAR 1, SFFNSAIDs 9 AH K R (7*) 4 0.993 7 ~

R2 SHEHEERARANKRES R EXRY KMEEE RHRMESR

Table 2 Linear equations, correlation coefficients (r?), linear ranges, LODs and LOQs of the five NSAIDs

Analyte Linear equation r? Linear range/(ng/L) LOD/(ng/L) LOQ/ (ng/L)
KPF ¥=3.89x10%x+1.68x10° 0.9986 10-2000 0.32 1.05
NPX y=7.07x10%x+3.52x10? 0.9982 5-2000 2.06 6.78
FPN ¥=9.34x10'2+6.17x10? 0.9964 10-2000 1.21 3.97
DCF y=1.27x10%x+2.01x10? 0.9937 5-2000 0.70 2.32
IBF y=4.71x10"2+7.74x10? 0.9993 10-2000 1.51 4.97

y: peak area; x; mass concentration, ng/L.

0.999 3 &R~ 0. 32~2. 06 ng/L, FE RN 1. 05
~6.78 ng/L,
242 EREFEERE

HUzs KRR U NSAIDs A ifi b, (454 b .
B FRAKSE 43 51k 40,250 F 1500 ng/L, 38 i) 4
AHRBEA 1T d NIAE 6 I PATHES 2 H NS % B,
BB LI E 6 d HEEH KGR R, 4550
3 s, 5 AR E RS BT R 25 B9 AR [ R
74.5% ~114. 1%, H P9 H 8K 25 B 50 510 R 1. 3% ~
12.3% A1 1.3% ~11. 5%,
2.5 HxwkAiExtte

W EE ST 18 23 B 7 v 5 G A R #% 8 BURE AR AL
7K AR B AR B 98 245 B 43 A ik kA T b s (I
) o AT IR 53 I AR A HOE R R A R B
W, RN T 238 5 B0 ad UE, R T SRR
TSI 5, 5T WA T T R L, S

# 3 SHIEEERPRANMIREREIEEE (n=6)
Table 3 Spiked recoveries and precisions of
the five NSAIDs (n=6)

Spiked/  Recovery/ RSDs/%
Analyte
(ng/L) % Intra-day Inter-day
KPF 40 78.9 8.8 11.0
250 107.9 9.4 8.6
1500 89.1 6.6 11.2
NPX 40 82.9 7.1 1.3
250 87.0 3.8 10.6
1500 92.6 3.3 9.8
FPN 40 114.1 5.1 6.1
250 100.4 10.7 9.2
1500 101.0 5.3 6.6
DCF 40 74.5 2.5 11.5
250 97.8 11.7 8.3
1500 104.7 12.3 10.3
IBF 40 79.7 1.3 4.5
250 83.7 5.0 8.7
1500 89.6 6.1 8.8
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T AL U R R, A 11 min, 0L, %0051k
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X 7K PEZK FTT BT KRR S AT 0 B, 4 SR an
5 Jin K BEZK A A i 21 NSAIDs [ AE7E , T L
T 7K RS 8 e %) R 3 25 FORL LG I 28, B i 43l
Jy 14.52 ng/L F1 10.05 ng/L, KJEKFEH 5 Fh
NSAIDs K [0l W3R Ky 74. 6% ~ 113. 1%, 11 BLI5 K KE
W ISR N 69. 7% ~ 104. 7%, b ik 4% SR F W% 07
BT KFE T 5 FhARE H RSP AR 25 09 & SR A e B A
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Table 4 Comparison of the present method with the reported methods for the determination of NSAIDs

Material Method

Extraction Practicable LOD/

Matrices Ref.

(ng/L)

time/min pH

Fe,0,@ /MIL-101( Cr)
MIL-101( Cr)/PVA

MSPE-UPLC-MS/MS
VA-SPE-HPLC-MS/MS

waste water

river, pharmaceutical, 60 4

18 5 3.00-60.00 [1]

7.00-37.00 [33]

waste and feed water

Fe,0,@MIL-100(Fe) ~ MSPE-UPLC-MS/MS

feed, waste, lake and 60 5

20.00-90.00 [34]

pharmaceutical water

C18 SPE-HPLC-MS/MS surface water >80 3 0.01-0.07 [35]
MIL-101(Cr) @ GA SPE-UPLC-MS/MS river, lake and waste water 30 4 6.00-12.00 [36]
PANI/Pan NFsM SPE-UPLC-MS/MS drinking water >20 7 0.40-5.00 [37]
Co-UiO-67(bpy)/CS DSPE-UPLC-MS/MS reservoir and waste water 11 6 0.32-2.06 this work

MIL-101( Cr)/PVA;: MIL-101( Cr) polyvinyl alcohol cryogel; GA: graphene aerogel; PANI/Pan NFsM: core-shell polyaniline/polyac-
rylonitrile nanofibers mat; MSPE: magnetic solid phase extraction; VA-SPE. vortex assisted solid phase extraction; DSPE. dispersive

solid phase extraction.

x5 EERAKEF S MHIELSERARGHNIMER (n=3)
Table 5 Analytical results of the five NSAIDs in real water samples (n=3)

Analyt Spiked/ Reservoir water Waste water
alyte
(ng/L) Found/ (ng/L) Recovery/% RSD/% Found/ (ng/L) Recovery/% RSD/%
KPF 0 ND 14.52
40 44.25 110.6 11.9 55.85 103.3 12.6
250 243.70 93.9 10.2 259.51 98.0 7.9
1500 1103.83 73.6 6.9 1060.06 69.7 0.1
NPX 0 ND ND
40 42.47 106.2 6.8 37.23 93.1 2.1
250 203.12 81.3 5.9 201.08 80.4 7.3
1500 1524.74 101.7 7.7 1253.34 83.6 4.8
FPN 0 ND 10.05
40 45.24 113.1 6.0 42.47 81.0 3.1
250 239.73 95.9 2.5 250.77 96.3 3.9
1500 1525.16 101.7 5.9 1403.86 92.9 12.0
DCF 0 ND ND
40 33.60 84.0 2.8 33.97 84.9 5.6
250 190.50 76.2 5.4 219.08 87.6 5.4
1500 1488.03 99.2 10.9 1291.94 86.1 1.3
IBF 0 ND ND
40 37.32 93.3 1.3 41.89 104.7 5.3
250 186.57 74.6 1.4 193.62 77.4 9.3
1500 1341.46 89.4 0.6 1108.73 73.9 2.4
ND. not detected.
3 &R SBELHARL, 2 BB AT MOFs H e Rk £ 1
=]

A& —FhE R A Co-UiO-67 (bpy ) /CS

P P , L 45T 945 23 25 B A TR AR 5 LA DA 23 I
FHAEHORRRR) , RS2 BK R e AR S AR TR 2



- 332 - Ll

i 55 40 %

e R w4, 454 UPLC-MS/MS #EATHG I, # 7 1
473 TR A B 1 A5 R  13%- ER TG B 0 7 /K rp
5 PR RE B R 0 Tk T IE I R EUE
T B T A S B it A T SR Sk K A AT BILTS G
P s SRR B AL T A0 S B

S E Lk

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Wang T, Liu SY, Gao G H, et al. Microchim Acta, 2017,
184(8) : 2981
Martinez-Sena T, Armenta S, de la Guardia M, et al. J Phar-
maceut Biomed, 2016, 131 48
Yan Q, Gao X, Peng X Y. Technology of Water Treatment,
2012, 38(11): 13
PR RE, . KALBERIAR, 2012, 38(11); 13
Li W X, Huang L, Guo D D, et al. J Chromatogr A, 2018,
1571 76
Hlozek T, Bursova M, Cabala R. Clin Biochem, 2014, 47
(15): 109
Pefia-Velasco G, Hinojosa-Reyes L, Escamilla-Coronado M,
et al. Anal Chim Acta, 2020, 1136 157
Zhu X H, Li T, Ma P F, et al. Chinese Journal of Pharma-
ceutical Analysis, 2012, 32(10); 1847
/N, 7RV, ISR, AR AT AR, 2012, 32(10)
1847
Macia A, Borrull F, Calull M, et al. J Sep Sci, 2008, 31
(5): 872

Cruz-Vera M, Lucena R, Cardenas S, et al. J Chromatogr
A, 2008, 1202(1): 1

Trinanes S, Casais M C, Mejuto M C, et al. J Chromatogr
A, 2015, 1420; 35

LiT, LuoTY, Luo Y J, et al. Chinese Journal of Pharma-
ceutical Analysis, 2017, 37(11) ; 2062

B, B, BEW, & AGWaTiaik, 2017, 37(11)
2062

Eddaoudi M, Kim J, Rosi N, et al. Science, 2002, 295
(5554) . 469

Zhao R, MaTT, Zhao S A, et al. Chem Eng J, 2020, 382.
122893

Zeng L 'Y, Liang S C, Zhang L. Journal of Analytical Sci-
ences, 2021, 37(1): 117

WIHIE, B, TR, rHTRESA, 2021, 37(1) ¢ 117
Feng JJ, JiX P, LiCY, etal Chinese Journal of Chroma-
tography, 2021, 39(8) . 781

BIRIR, LY, FEE, & A%, 2021, 39(8): 781
Qian H L, Yan X P. Chinese Journal of Chromatography,

[17]

[18]

[19]

2020, 38(1) . 22

Bt e, 5. @i, 2020, 38(1): 22

WuG G, MaJ P, Wang S S, et al. J Hazard Mater, 2020,
394. 122556

MaJP, Li S, Wu G G, et al. J Colloid Interf Sci, 2019,
553: 834

Ji XF, Li S, WuG G, et al. Chinese Journal of Chromatog-
raphy, 2021, 39(8) . 896

LB, Z, RN, 5F. G5, 2021, 39(8): 896
MaJP, WuG G, Li S, et al. J Chromatogr A, 2018, 1553.
57

Kistler S S. Nature, 1931, 127(3211) ; 741

Wang L Y, Xu H, Gao J K, et al. Coordin Chem Rev,
2019, 398. 213016

Yang W X, Han Y, Li C H, et al. Chem Eng J, 2019, 375.
122076

Fu Q S, Wen L, Zhang L, et al. ACS Appl Mater Inter,
2017, 9(39) : 33979

Yang S Z, Pattengale B, Lee S, et al. ACS Energy Lett,
2018, 3(3). 532

Wang Z G, Song L, Wang Y Q, et al. Chem Eng J, 2019,
371 138

Vilela S M F, Salcedo-Abraira P, Micheron L, et al. Chem
Commun, 2018, 54(93) . 13088

Ma S. [ MS Dissertation ]. Shenyang: Northeastern Univer-
sity, 2015

B [W2EA0esC]. . RIEKRSE, 2015

Huang M L, Tuo G G, Lin J Q. Chinese Journal of Inorgan-
ic Chemistry, 2021, 37(2): 251

BIDWY, SEHKEK, AR JOPLILEAR, 2021, 37(2) : 251
Jing Z X, Zhang Q S, Huang H, et al. Applied Chemical In-
dustry, 2020, 49(8) : 1985

sl g, kLU, T, S5 RIHALT, 2020, 49(8) : 1985
LiuQ, LiSS, Yu H H, et al. J Colloid Interf Sci, 2020,
561. 211

Dong X, Lin Y C, MaY Q, et al. RSC Adv, 2019, 9(47) :
27674

Wang Y D, Zhang Y, Cui J N, et al. Anal Chim Acta, 2018,
1022 45

LiuSY, Li S, Yang W, et al. Talanta, 2019, 194. 514
Silveira M A K, Caldas S S, Guilherme J R, et al. J Brazil
Chem Soc, 2013, 24. 1385

Zhou Y Y, XuJ B, Lu N, et al. Talanta, 2021, 225; 121846
Jian N G, Qian L L, Wang C M, et al. J Hazard Mater,
2019, 363. 81



