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FEKR IR PCAs 197715 ARSCLAHE IR T4 125 1) 4% 1) 4 T 76 BB B/ 90 8 1 A <058 S A4 8L MIL-101 ( Fe ) -NH,/
SA A g 43 15 1 AH 22 BB W B 350, S BR S K A4 R i 7 b PCAs HEAT IR FR RN B 45 M ZE ISR 1 (4R e MIL-101
(Fe)-NH, 5ifg 3280 LL ) KA pH ZEBU E) ) | 3008 2% 14 (VR 6V 771 L 4] | R M ek ) | 6 JBE AR AR ) |28 7o B (&b
BE) & J5 X ZEBUGSCR BT O ARG AR AL BUROR . IR AL S IR R, IR MERIAE 12 min N AT DAY H R4 7
SEAW IR, FAATCA 4 mL B3 1. 5% F R Y BEVERE 30 s, HARITT LATE /i e, FERIE 25 1F T, 456 18 B 30m
HA - BB T3S (UHPLC-MS/MS) |, 8257 T3 T4 J8 A HUE 405 A BRI 2 K A v 7 Fh PCAs (58 7 i, 1%
FE LRI BRI TR FR (17 =0. 998 6) , K H FRANE AEBR 4351028 0. 30~ 1. 52 ng/L Fl1 1. 00~5. 00 ng/L, 7E{%
(8 ng/L) .1 (80 ng/L) .5 (800 ng/L)3 MN/KF T HEA TRG % BE 6, H PRI H )45 % B2 (LA RSD 1) 4091K 6. 5% ~
17. 1% F17. 4% ~ 19. 4%, Z RN F 0K K B35 IR A4S DU v 4G H 4k 0. 6~ 19. 3 ng/Li; £E 8,80.,800
ng/L 3 MK T HEATIFR RS | [BIBCE H 61. 7% ~ 120. 3%, 1% 75 BT BI04 52 B8 WS 8% 3 RV A B, 3R
BEK P 2R AR IR 25 10 I3 )R 2 A DN B A3 T — s A i

SRR OB (O3 - B R s A AR AR I A R ; & R DL E AR R AR IR R B IR K IR
hESES.0658 XRKFRIAAD A

Abstract . Phenoxy carboxylic acid herbicides (PCAs) are difficult to degrade and, thus, pose

significant threats to the environment and human health. The limit for 2 ,4-dichlorophenoxyace-
tic acid is 30 pg/L in China’ s standards for drinking water quality, 70 wg/L in the United
States’ drinking water standards, and 30 png/L in the World Health Organization’ s guidelines
for drinking water quality. Therefore, the development of an effective detection method for
trace PCAs in water is a crucial endeavor. Metal-organic frameworks (MOFs) are novel porous
materials that possess advantages such as a large specific surface area, adjustable pore size,
and abundant active sites. They exhibit excellent adsorption capability for various compounds.
However, the applications of MOFs as adsorbents are limited. For example, the process of
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isolating powdered MOF's from aqueous solutions is laborious, and microporous MOFs exhibit
limited surface affinity, which decreases their mass transfer efficiency in the liquid phase. MOF
crystals can be embedded in a substrate to overcome these limitations. Aerogels are obtained by
drying hydrogels, which are hydrophilic polymers with a three-dimensional crosslinked network
structure. Spongy aerogel materials exhibit unique structural properties such as high porosity,
large pore volume, ultralow density, and easy tailorability. When MOFs are combined with an
aerogel, their efficient and selective adsorption properties are preserved. In addition, MOF aer-
ogels exhibit a hierarchical porous structure, which enhances the affinity and mass transfer effi-
ciency of the MOF for target molecules. At present, MOF aerogels are primarily prepared by
freeze-drying or using supercritical carbon dioxide. These drying processes require significant
amounts of energy and time. Hence, the development of greener and more efficient methods to
prepare skeleton aerogels is urgently needed. In this study, we prepared an environment-
friendly aerogel at ambient temperature and pressure without the use of specialized drying
equipment. This ambient-dried MOF composite aerogel was then used for the dispersive solid
phase extraction (DSPE) of seven PCAs from environmental water, followed by ultra-high per-
formance liquid chromatography-tandem mass spectrometry ( UHPLC-MS/MS). The key param-
eters affecting the efficiency of DSPE, including the extraction conditions, ratio of MIL-101
(Fe)-NH, to sodium alginate, pH of the aqueous samples, extraction time, ionic strength ( sa-
linity ) , and elution conditions, such as the elution solvent ratio, elution time, and elution vol-
ume, were investigated to obtain optimal extraction efficiency. The adsorbent could adsorb the
target contaminants within 12 min, and the analytes could be completely desorbed within 30 s
by elution with 4 mL of 1. 5% (v/v) formic acid in methanol solution. The water samples could
be analyzed without pH adjustment. The main adsorption mechanisms were electrostatic inter-
actions and 7-7 conjugation. Thus, a new method based on MOF aerogels coupled with UH-
PLC-MS/MS was developed for the determination of the seven PCA residues in water. The cali-
bration curves for the seven PCAs showed good linearity (7°=0.998 6) , with limits of detection
(LODs) and quantification (LOQs) ranging from 0.30 to 1.52 ng/L and from 1.00 to 5. 00
ng/L, respectively. Good intra- and inter-day precision values of 6.5% —17.1% and 7.4% -
19. 4%, respectively, were achieved under low (8 ng/L), medium (80 ng/L), and high (800
ng/L) spiking levels. The developed method was applied to the detection of PCAs in surface
water, seawater, and waste leachate, and the detected mass concentrations ranged from 0. 6 to
19. 3 ng/L. Spiked recovery experiments were conducted at mass concentrations of 8, 80, and
800 ng/L, and the recoveries ranged from 61.7% to 120.3%. The proposed method demon-
strates good sensitivity, precision, and accuracy, and has potential applications in the detection
of trace PCAs in environmental water.

Key words: ultra-high performance liquid chromatography-tandem mass spectrometry ( UHPLC-
MS/MS) ; dispersive solid phase extraction ( DSPE) ; composite aerogel; metal-organic frame-
works; phenoxy carboxylic acid herbicide; environmental waters
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FEARO AR 7= ) 2R AR R 95 % 2 7] ( phenoxy
carboxylic acid herbicides, PCAs) J&—251di F [y
KA ML B RN, )z R T A R AE
Yy i AR HOK o AR, XERE A, B &) i ik
gAY A BN K P R 0 A 26
Wi, 75 5 e SRR R LT 7 K A | B i %
A Al RE 22 BB, FE RIS R K T
AEARIE) RELE 2,4-TH AR R 30 pg/L, (EEKX
FHZK AT RRAEY H I BRIE R 70 pg/L, A T A= 40
WA KoK e R ) H ) FRAECA 30 wg/L, H
BT R R TRAH €631 (HPLC ) 45 4 22 Fh AS: I 7 2 A% 01
PCAs fi i F B9 # I £ R, 40 45 HPLC-%5 40 £ il
20 HPLC-ZE e HPLC- 445 B 51 K
TR A (- R I T 9 ( UHPLC-MS/
MS)'®") | UHPLC-MS/MS #%; T HPLC Bt& £ #h
il g HA AT A B ACR A R B SEPR KRR
SR AR, B I G A 35 ) S 25
MBI, HoK P U & A IR 5 PCAs, P 77 2L
XFIKRESEA T FUAL B | 18 A ) %) 2 R

W FH A TAL B 7 5 A 455 [V AR 2K B SPE) ') 1
[ETARAE R ( MSPE ) ) 4 B ( LLE ) ) 11 [ 41 %
#HL(SPME) ", Hh e H R A N SPE, A
PRAERRT R, AT LAXT BARYD R T R 0 SRS (A
235 118 T PR A 2 JBORE A7 AE FE I | 8 B P AT B A5 )
1, v 32 B PR, 43 HEE AH A5 ( dispersive solid
phase extraction, DSPE) MY EA SPE B4, 10
L Vo R IR R A A ek T AR, A RORROR
EY L &R A HLE 224 B (metal-organic frame-
works, MOFs) /£ —Fgi B () Z Ui gt ek, A
FLR AR LB AT a9 e . I, MOFs nI4E R
A O 56 30 87 R 7 e W v o AT R, (LA Y
MOF ¥y A H A 5y 7185, H MOF #8L K 2 8 AL
S5RL 3 B MOF M BHR) K M 22, RTHIME T s
REGAR, BRI T HAE KRB i i

AR A A Ve R T K BRI Pl BLAT = 4k A
I 28 L5 A 5K o T ARSI, TR RIS
BRI T — SRR () S5 A0 e, 40 s fL R
FERRALARB AR % B A BT, SRR
BRI 2 FLE5H T A B R AP 1Y BEBE WL B 4%
MOFs 5B AR S A, HUR MOFs < BE ik il LA f#j
AT VR 43 Bt 2, (% B8 MOFs 11 1 2505 35 W Fof 455
P, HALZHFLALH) MOFs S &k 7T L 5% MOFs
5 Br8 1 25 FdE DT HLAT B PR A LROR

IEAh , MOF's 358 5 AH 55 1 At A05E A4 B3 B
T4 (LR R R, T ARk, R AE R R
U RRRT R A TR R
W15 G i A 2 T ARG R, IR E AR
BEME A KR AT A= Wy I i AR IR A F 5. Bo
T ZIF-8 55 41 Y R AR BEIRA5 A T IR K
(48 B 1, Zhang 25" 5% R etk () WL UK A
TR ZIF-67 Rt A A 220 (QGO)
RIS 3w ek M 72 R WE (SB) il £ T ZIF-67/
QGO/SB-CS S HEMe, FH T M B A1 2 B oK o i) 24 b
A AP B, RS gt e, — i
R Bk K T R T A A TS RS 0 i 35, i A%
BRI 22 SR FHA O 10 0 0 sl ol TR I S 1k — 4
PR, 3% S PR 7 BT FE R R Y RE S AR [R]
IR I & B sk AR I H = 0 il & MOFs
SBE I 5, A TAER ] MOF #1 %+ ( MIL-101
(Fe)-NH,) /i3 iR 4/ ( sodium alginate, SA) fEH
AL , 38 2 TR A A T MIL-101 (Fe) -
NH,/SA SHEERE, il & i & b = A 1) CO, ] LABEAR
BN I S R HE AR AL . 2,
1% MIL-101( Fe)-NH,/SA “EERAE 2 W B, & H]
DSPE %54 UHPLC-MS/MS Xf/K /1 7 it PCAs #k17
TR

1 SLIEEH

1.1 &R GKF 548

Triple Quad3500 # = R0 AH € 13- 1B 54X
(3[E AB Sciex A H]) A B AR 2T AP G (56
[ Frontier 23 ), Sigma300 Hi, ¥ 4748 b i 55 (i
Zeiss /v w]) , ND200 ZWRANL (Bo M B e A3 25 A7 B
ZvF]) , Millipore D-24UV #B 47K HL ( 3£ [F Millipore
oal) IRTER S ( LA FRAR) . D8 dis-
cover ZIIREH £k X i1 44X (1% [E Bruker 23 F]) ,
ASAP 2460 Lt F L1253 B ( 32 E Micromeritics
NCIDI

AR R bRE T . 2,4, 5- SR A LR
(2,4,5-T, 26 >97%) 4- A5 T R (PB, 4l & >99%)
12,4,5 =5 AERNMR(2,4,5-TP, 43 >98%) Il [
%% Dr. Ehrenstorfer 2\ ] ;4-(2,4- —EA&R) TR
(2,4-DB, 2l =98%) 2-( 2-H Bb-4- S A L) - TN R
(MCPP, 41 £ >98%) ,2-H t-4-F R A 4 1 (MCPA,
4 >98%) 2,4 @A AR LM (2,4-D, 4 =
99. 8% ) Fll 2% JE X} 7K — H1 iR ( 2-aminoterephthalic
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acid, 2-ATA, Zli % >98% ) W | -1 FT 7 T 1k 230571
ABRAWE, SRR N B P E R A A,
SA(1.0~1.2 Pa - s) WA Z A F, AIEHTER
T4 H KRR R AL AR A R AR, IR BREREN |
ANKE =G N, N-—H 3 H G (N, N-dime-
thylformamide, DMF) 1 Z, F& ¥ k43 #r 4li , ) [ [
R AR R A |] . SARES (2R >96% ) 1
AR A Ty A BRAE], LB (A pral) 1
H R & TR A TA RA A,

SEYS T K KGR AE T 5T, BB g
WORAET 7 ST B IR ) KA L 0. 45 pum /K
FHUE ML IR IS 75 4 C FAsfAfEfs it .

1.2 fREBRRIEH

I3 FREL 7 Flt PCAs Frifiefih 10 mg (K52 0. 1
mg) , JHENEE I E 2 ZE 10 mL, it il i9 5T ik
1000 mg/L MbRERE #W & TAR /M, T 4
C Mtk , BHL500 nL S hrEfd s, FH NG RE
FEZSZ 5 mL, Bl ) B W B2 100 mg/L 1) 7 Fh
PCAs IR G HrifE TAEWR & T/ M, T4 CF
TRAE . I HETH B K R 1 mg/L IR A bR fil
PR, - S RS C i A S v 32
1.3 #RHE&E
1.3.1 #|% MIL-101(Fe)-NH,

# 2. 45 mmol B9 FeCl, - 6H,0 Fl 1. 24 mmol
() 2-ATA flI A 15 mL DMF 1 ¥ 7 30 min J8%],
PR AW AF] 20 mL [ 28 b, it A B 554t
B ,76 110 THAFF R 20 h, BUREA RS,
4000 r/min F .0 10 min, #RJ5 H DMF Fl 2 BEK
WA TEVE 3 ik, TR,

(6]
o
O
i N CLO=( N
© S 2
"\ O=Fe™
(0]
OH
HO.
NH,
o) 1107, 20 MIL-101(Fe)-NH,
+ —_— +
FeCl3-6H,0 CaCOj suspenison, SA

1.3.2  #|% MIL-101(Fe)-NH,/SA 5 % X

WE 1 PR, S RAEIR TR A 3 BT
JREBERE R A4 RN 2 R T4

56 0. 58 mmol BY SA T 12. 5 mL (B4l
K EARA], i E W, FEfS A 1,56 mmol ik
FREN 5 1. 69 mmol B ALES 73 5¥% T 6. 25 mL
afi 7k e A5 BBk R SNV V1 A0 T I B A S T R
H, IR HE 30 min 28 CaCO, 77, SRJ5 K 35 mg
MIL-101( Fe )-NH, ¥ K5 0. 75 mL R 55 5 7%
BREHS), BARMNWIAS 2.5 mL 1 SA ¥R
G, AR 5 mL BT, —18 T¥ % 48 h, 155
MIL-101( Fe)-NH, 7KEEI .

MUKAE R iR = RS, H 2 mL 3% RN
I DR ASGH | £ RV it M RL T BB R 4% 72 A= Ca™ il
CO, i Ca™ 5 SA i#F— 321k, PN TR & He 7K & it
7K, T 2 mL PSR P EOE BRI o, &
T3 K 4 A5 51 MIL-101 ( Fe ) -NH,/SA SHERL
1.4 TFEmArAE

# MIL-101 ( Fe ) -NH,/SA S &K ¥ F 50 mL
B P 20 mL ZKEE, HT5 NaCl e
4 5 mmol/L, i et ) 4 it fig 12 min, {5 F 5% ¥
FEAPEEMOKFE L . S8R5 A 4 mL % 1. 5% H R
() FH BRI 30 s, WG R 0 v, FH LR A R R &2 i
T SRJEH 0.5 mL HEEE %, 28 0.22 pm JE B I8
fE 3t 38 J5 ¥E4T UHPLC-MS/MS #6:l
1.5 &G

3% 4 F . ACQUITY UPLC BEH C18 A i 1
(100 mmx2. 1 mm, 1.7 pm) ; #EE K 40 C;Hish
FHA (A)0. 01% HIFRZK SR AN(B) LN ; T iHE A 0. 4

Acetic acid

acetone, acetone 7
——
Ventilation
cabined drying ‘

MIL-101(Fe)-NHa/SA hydrogel MIL-101(Fe)-NH,/SA aerogel

E 1 MIL-101( Fe)-NH,/SA S &i272
Fig. 1 Preparation process of MIL-101(Fe)-NH,/SA aerogel

SA: sodium alginate.
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mL/min, BEGBEFU T 0~1 min, 80%A;
1~3 min, 80% A~55%A; 3~4 min, 55% A; 4~8
min, 55% A~50%A; 8~10 min, 50% A~20%A; 10
~11 min, 20% A; 11 ~11.1 min, 20% A ~ 80% A;
11.1~13 min, 80% A, #EEE N 5 pL,

JHTE 2% A« LIS 35 B8 R (ST ) |, 75 A
R B FALIREE 400 C ;L H E-4500 V; 55X
JEJ1 2. 07x10° Pa; B AL L) 3. 45%10° Pa; fii 2
JEJ] 4. 14x10° Pa; £ R Wl B, 7 Flr PCAs #Y
HALFRESHOLE 1,

£ 1 77 PCAs HIRiLSH
Table 1 MS parameters of the seven phenoxy carboxylic acid herbicides ( PCAs)

Analyte Abbreviation tg/ Precursor Product Declustering Collision
min ions (m/z) ions (m/z) potentials/V energies/eV

4-Phenoxybutyric acid PB 3.92 178.0" 93.0 -54 -24
(4-FKETR)
5-Trichlorophenoxyacetic acid 2,4,5-T 5.09  252.7%,2549 194.8, 196.9 -45, -44 =20, -22
(2,4,5- =80 AFHLR)
2-(2,4,5-Trichlorophenoxy) propanoic acid 2,4,5-TP 6.25 268.7", 266.8 196.9, 195.0 -45, -48 =25, -16
(2,4,5-=FFKEANR)
2 ,4-Dichlorophenoxybutyric acid 2,4-DB 6.02  247.0%,249.0 161.0, 163.0 -40, -40 -18, -18
(4-(2,4-—FAH) THR)
2-Methyl-4-chlorophenoxyacetic acid MCPA 439  199.0%, 201.0 141.0, 143.0 -45, -45 -18, -13
(2-FE-4-JARELCR)
2-Methyl-4-chlorophenoxypropionic acid MCPP 5.19  213.0%, 215.0 141.0, 143.0 -50, =50 =22, =22
(2-(2-H He-4- R A B -THTR)
2 ,4-Dichlorophenoxyacetic acid 2,4-D 4.27  219.0%, 221.0 161.0, 163.0 =37, =37 -18, -18

(2.4 —HHRRZ)

* (Quantitative ion.
SR 5T

2.1 #MRBIRIE

& 2 i MIL-101 ( Fe )-NH,/SA <% i 1 MIL-
101( Fe)-NH, 2L 463 B, Wi 2a 7Kk, 3 466
e ARSI N-H B 45 9z 20, 1259 em™ Ab
I XT . C - N A A 45 9% 21y, & 9] MIL-101 ( Fe)-
NH, PR EEMIFETE; 1424 cm ™' F1 1704 em™ &b R
W43 5% 1 MIL-101 ( Fe)-NH, 1 C-0 #1 C=0 f

2

Transmittance

— — T —
2000 1000 500

—
3000

1500
Wavenumber / cm™|
2 (a)MIL-101(Fe)-NH, #1(b) MIL-101(Fe)-NH,/SA

SER RIS E
Fig. 2 FT-IR spectra of (a) MIL-101( Fe)-NH, and
(b) MIL-101(Fe)-NH,/SA aerogel

iR 4 3l , 2 W R B A£ 785 1495 em™' il 1582
cm™' AR IS R MIL-101( Fe ) -NH, b 2835 () i 45
PR5h ;441 em™ Lb Y IEXT N MIL-101 ( Fe )-NH, H
Fe-O (45 PR3 ; LU_ELTAMEIESS % B MIL-101
(Fe)-NH, M4 M., K 2b " 3324 cm™ [T Y
WX —OH B4R IRS) ;1 664 cm™ Ayl X} C
=0 WH4EdR50 ;1 065 cm™ AbAYIERT SA 1 C-0
—C X FR A 45 I 35 F H. MIL-101 ( Fe ) -NH,/SA
BRI S A MIL-101( Fe ) -NH, FAH 4R AE 6 |
XA & 1 52 A S BE I I AT 18 MIL-101 (Fe ) -
NH, AY%5#)

/€l 3 > MIL-101 ( Fe )-NH,/SA <%t i Fil MIL-
101(Fe)-NH, s 4K, nE 3a~c iR, il
#1) MIL-101 ( Fe ) -NH,/SA S BE AR h 2R £
fLE5H , H MIL-101( Fe ) -NH, f0k7 3457434 16 /< Bk
e, Wil 3d Frzs, MIL-101 (Fe)-NH, EA B
U0 P SRR BE 22 500 nm

Kl 4 J& MIL-101 ( Fe )-NH,/SA #1 MIL-101
(Fe)-NH, (1) N, W [{ff-fig W 45 i 2, MIL-101 ( Fe ) -
NH,/SA SEEHE 1t R 18 FLh 100. 83 m*/g, MIL-
101(Fe)-NH, Wb 2 H B R 162,42 m*/g, HEl 4
A1, MIL-101 ( Fe ) -NH,/SA <% BA B /NR
F A, MIL-101 (Fe ) -NH,/SA “HBE K A7 7052 Y
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100 pm

500 nm

E 3 (a.b.c)MIL-101(Fe)-NH,/SA SR (d) MIL-101( Fe) -NH, B33 EER
Fig. 3 SEM images of (a, b, ¢) MIL-101(Fe)-NH,/SA aerogel and (d) MIL-101(Fe)-NH,
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: —®— Adsorption
|~ Desorption
&
2 3
Ay 5
£ E
£
=
z
T T T T T T
0 5 10 15 20 25 30 35 40
I T T T T T T T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1.0 207°
Relative pressure (p/py) B 5 (a)MIL-101(Fe)-NH, #(b)MIL-101(Fe)-
4 MIL-101( Fe)-NH,/SA SE/:F0 MIL-101( Fe) -NH, NH,/SA S HK) XRD Ei&
B N, MR B -ARR %58 2 Fig. 5 X-ray diffraction diagrams of (a) MIL-101( Fe) -

Fig.4 N, adsorption-desorption isotherms of MIL-101(Fe)- NH, and (b) MIL-101(Fe)-NH,/SA aerogel

NH,/SA aerogel and MIL-101(Fe)-NH,

2.2 BUAMIESMRIML
WIS IR, RELEANFLEH . X Uil MIL-101 (Fe)-  2.2.1 A% MIL-101(Fe)-NH, 5 SA # k. ff]

NH,/SA SEEREA MOF By L 45 k) A AL &5 SEH A %85 T MIL-101 (Fe)-NH, 5 SA 1Y
¥, BA R ALE5H A5 B AR JEH o 0:1.0.5:1.,0.8:1.1:1,1.2:1.,1.4:1 1.6

&l 5a fif %, MIL-101 (Fe )-NH, fg#imiig )y 1 B PCAs MZEHUSCR . Wil 6a fiizs, X MOF 4
9.58°.10.72° .16. 84° 18.92°, 5 3CHk [ 19] shpgdi  SA M H Ol 1.4 1 WA IUSCR Bcdf | B 1
U E AL . MIL-101( Fe)-NH,/SA S5 H A MOF It 5 Feffi], 2 R T e, Xl e il T
5 MIL-101( Fe ) -NH, AH{URHHAFIERE X i 7es, MOF S ZIEAIRED I, M A HUSOR T e o
BERE B4 g A b, MIL-101 ( Fe ) -NH, (45 i 45 % 2.2.2 KH pHE
WA e TS SLYR ST KRR pH Ry 3.4.6.7.,8.,10 i PCAs
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IZEBUSCR . e ss B AnE 6b R, Bt /K RE pH
{EAYSE N, pH 7 3 ~ 6 I A HUHCR T % pH 7E 6 ~7
BF T RS R R, X R FIX 7 Fh PCAs 1) pK,
¥ITE 2. 64 ~4.58 JulHE N, 247K+ pH i 3~ 6 AT,
PCAs "1 AR R 3k P 28 it 5, el v 1k 43 380 i A8
MBHE T, PCAs 5 MOF #18}HK - 1 198055,
SEAEBRCREAL, pH=7 I}, PCAs 524 & 11k,
ILEF PCAs 47 7 Hi, MIL-101 ( Fe )-NH, #7 IF H,
MIL-101( Fe)-NH, %% 5 PCAs iR 5 Z b 1Y

FHEVE & S, ZEBCRA B A, Y pH>
8 B, MOF E i K& 1, 5 B i i
HL = AR R S ECEIGHCR TR, IR 225056
VEPEANIAT pH (H(pH [HZI N 7) .
2.2.3 ZFEECE E

AN ] () A€ B 1] 22 520 MIL-101 ( Fe ) -NH,/SA
BN PCAs I MACR . anlEl 6¢ fis, A 4 Fh
I B FEAE U 1] S 12 min B B6 B 28050 dc 4
AR BTAE 15 min B W RAFE I S50 5 4 (R AE

7 1.5
= o QS 1.0
S =] S
~ o ~ 0.5+
O-T T T T T T T 0
0:1 0.5:1 0.81 1:1 1.2:1 1.4:1 1.6:1

Mass ratio of MIL-101(Fe)-NH, to SA

Peak area / 10°
Peak area/ 10°

Peak area / 10°

0o o J I
0 0.5 1.0 1.5 2.0 20 25
o(Formic acid) / %
14
] —®—24,5-T
157 i —e—245TP
10 r*/EL; —o—24-DB
05 =3 —— MCPP
1 —A—MCPA
] —*— 2 4
061 24-D
0.4
0.2 4 = a
o tr——————
0 5 10 15 20
¢(NaCl) / (mmol/L)
6

(f) ERREtE, (g) EEXT 7 7 PCAs ZEBIERHH M (n=3)

R e e
3.0 3.5 4.0 45
Elution volume / mL

—————————
100 200
Elution time / s

(a) MIL-101(Fe)-NH, 5 SA f/RELL . (b) 7k# pH, (c) ZERA 1, (d) EARBF FEEF RFRERSE (o) BEHER,

Fig. 6 Effects of (a) mass ratio of MIL-101(Fe)-NH, to SA, (b) pH of water sample, (c) extraction time, (d) volume

fraction of formic acid in elution solvent ( methanol), (e) elution volume, (f) elution time, (g) salinity on ex-

traction efficiencies of the seven PCAs (n=3)
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15 moin B 4 Fof o3 50 550 ) WA o o o 265 2% H BB I8
REARG, PRI 6% 12 min S 2 BN A]
224 A

VR SR F B 52 T e B 7] v FH R R HE ey
o) PR MR LA B Pk st ], P A SRy — el
R TR, AT LAXT PCAs HEATA 0t , H R AT LA
WIS T PCAs TH28 50 MBERR R, Rt
FHE 0.0.5% 1% . 1. 5% 2% H R 114 B i %) PCAs
HATVENG ., i 6d iR, HRRIRFL BN 1.5%
it , PCAs YU M R0 S5 47, 38 i HF i L 451 9k e 2
SRTCEH AR A, PRI abb e 436 0 MO s ) FE It v R ) A
BUMECN 1.5%, 5 T URAFLI A 2.0,2.5.3.0,
3.5.4.0,4.5.5.0 mL, B B4 F T A9 8 I &%
o W 6e FrR, BEBAFN 4 mL B, B85 SCR
el PICEERE 4 mL RS AEVE B, it [
S AR AR BB ) I g J5E B R0, 25 4 e e
[8]°4'5.30.60 180,360 s Hf PCAs fVEBEACAR, n
K 6f frs , BER AT IA] Sk 30 s B, P& % B AR 4
(AR fe i, PR e BE R MG 18] 4 30 s,

225 BTYRE

X527 NaCl #J¥ 5 0.1.5.10.20 mmol/L i
(W R ISR . 1 T ERATTRLN , 7K 3 F 23 7E NaCl
I3 JE R UK G BRI RS ) B Vs At B, A
Wy 754 si H AR 3 90 1) R B RERS 3, 3 0k s A4
. i 6g frzs, ¥ in NaCl ¥ & & 5 mmol/L A}
W B9 J8 S50 Fc e, T BB #5 NaCl e i A4 ik — A 14
I, S KRE 286 0 — 25 348 5 DT 980 28 A% JT AR
K FEEIEYY NaCl #E & 5 mmol/L,

2.3 ER¥M(ME)

P FRIK K BRI S 1B TR AE v )
Bl 50 wg/L A FE B A 1, I 2B VE ¥ 77 id
il 50 pg/L B2l R bR e W, A ME =
A/B T RSE RSO, o A Sk 35 DG R v VA TR
v AR I T AR, B R s R bR S W B AR

AT AL, 0.8 <ME < 1.2 F/R RN A B i
0. 5<ME<0. 8 LI 1.2<ME<1. 5 /5 & 5L kb
M ;ME<O. 5 L ME> 1.5 2% 7% 500 5 i 2
W 2 i, 7 Fh PCAs 193 R0 A AIG , H L 58K
7, AT LA e 5 3 DU B 4R AT R AR IR IRk
AR T AR FH 3 S DG i il 26 61 7 AT

£ 2 77 PCAs HERIM
Table 2 Matrix effects of the seven PCAs

No. Compound MEs
Seawater Surface water  Leachate
1 2,4,5-T 1.45 1.40 1.35
2 PB 0.66 0.79 0.70
3 2,4,5-TP 1.46 1.37 1.37
4 2,4-DB 0.93 1.08 0.89
5 MCPA 1.25 1.27 1.22
6 MCPP 1.18 1.33 1.66
7 2,4-D 0.52 1.36 0.50
2.4 FESHIERE
241 HEEE BERMEER

TEARAL W 2 BT, %5 %8 T 8 57 1) DSPE-
UHPLC-MS/MS 4 #71 ik aE . #4 7 F PCAs 1Y
TR bR AT FH R 25 1 25 0V B R VR BE R 2
1.5.8.50.80.500.800 1000 ng/L, - ANHEIKAE,
SRR ATAL HE, ST 7 FP PCAs A9 35 55 T fic A
sk, Wk 3 BiR,2,4-DB 7E 5.0~ 1 000 ng/L i
FBINEA RIFIAM R Ha 6 M PCATE 1.0~
1000 ng/L {uFE P EAT RIFMZMEXRR, ENML
PEAI & R B (1) 4 0.9986 ~ 0.999 7, K i FR
(LOD) FlzE & FR (LOQ) 43 7lid it 3 1A 10 £5% 15 15
H(S/N) 345, LOD F1 LOQ 43 %~ 0.30 ~ 1. 52
ng/L A1 1.00~5. 00 ng/L,

242 HEE

W 7 B PCAs 1R b 1 A 1] M 2l 7K A By
ik (8 ng/L) .* (80 ng/L) . (800 ng/L)3 /K,
AT IR NSRS . 76 1 R ABxT 3 AN Inds K1 5
AP b AT I E , T H RS2 B2 (RSD) 5 3%

®3 THPCAs HAMFAREBXEH. LUEE RHRMESR

Table 3 Linear equations, correlation coefficients (r?), linear ranges, LODs and LOQs of the seven PCAs

Analyte Linear equation 7 Linear range/(ng/L) LOD/(ng/L) LOQ/(ng/L)
2,4,5-T Yy=647.16x+2825.3 0.9988 1.0-1000 0.30 1.00
PB Y =246.59x+271.0 0.9959 1.0-1000 0.30 1.00
2,4,5-TP y=584.49x+3879.7 0.9995 1.0-1000 0.30 1.00
2,4-DB y=125.822+646.6 0.9997 5.0-1000 1.52 5.00
MCPP y=2845.25x+2306.6 0.9997 1.0-1000 0.30 1.00
MCPA y="738.90x+4306.1 0.9986 1.0-1000 0.30 1.00
2,4-D y=582.53x+4108.0 0.9990 1.0-1000 0.30 1.00

y: peak area; x: mass concentration, ng/L.
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ZEINAE 5 K, H DK % 8 (RSD) . DAL 5286 ] &4 77 PCAs B NI HEMEE (n=5)
ﬂ:%%\g*ﬁ{m”ﬁ{i E/\Jﬁgllﬁo ﬂn%ﬁz 4 P]]i % , E[ |j§] ﬂ] E[ Table 4 ;rgzl:(lii?;d intra-day precisions of the seven
RS 25 243 3R 6. 5% ~17. 1% H1 7. 4% ~ 19. 4% , 3 —y T
WA 57 1% 3£ F MIL-101 ( Fe )-NH,/SA = #%E i 1 Analyte (ng/L) Intra-day Inter-day
DSPE-UHPLC-MS/MS J5 #& H F 1l & /K 7 Fil 2,4,5-T 8 9-8 12.6
PCAs HLAf ELIFHORE 34 o o e
2.5 KRR R B E PB 8 14.2 14.8
X ERIK V7K LA K 37 3505 U8 W S Bt ot R A T 80 1.0 12.6
IVHT SR S FR MFAKT 7 B PCAS AT asar s e s
i FEEE K ORI 2K & 1 MCPA 1 2,4-D, e 813K o 80 7.6 19.4
BRI RN R R 1 5 B PCAs, 7F 3 FOAR A K 800 97 108
BEAIATAR 5 3 AP IR LG5, ks 2 . i o
[BIKCR A 61. 7% ~ 120. 3% . 800 10.9 17.1
2.6 SxmtAiExtte MCPP 8 10.9 8.2
AT ST 7 5 SR PR 2K AR B R o o e
A (MR 6) , W DLE th A SO i B A B MCPA 8 6.9 17.2
R H B A A R B AR G B, e A, A ST A 80 9.6 10.3
TR A ORGSR, A T R b o o o
[B](30 s) , I H40 R 1 7657 35 D8 W R U 2K E R 80 8.1 12.9
2K T 1 I 800 6.5 12.7

£S5 ERKERTHEERBREBREFINSE. NIREKERE RSD(n=3)

Table 5 Contents, recoveries and RSDs of the seven PCAs in actual water samples (n=3)

. Seawater Surface water Leachate
Analyte ?I:;f)/ Background/  Recovery/ RSD/ Background/  Recovery/ RSD/ Background/  Recovery/ RSD/
(ng/L) % % (ng/L) % % (ng/L) % %
2,4,5-T 0 ND 4.6 0.6
8 8.3 103.4 12.7 14.1 112.2 9.6 6.8 85.2 12.7
80 73.7 92.2 11.6 98.7 116.7 12.5 82.9 103.7 11.6
800 766.7 95.8 20.4 806.3 100.2 11.1 754.8 94.4 20.4
PB 0 ND 14.2 3.6
8 8.6 107.1 8.6 17.7 79.6 10.0 13.6 117.3 8.6
80 85.6 107.0 11.6 73.4 78.0 12.2 70.1 87.6 11.6
800 718.4 89.8 15.0 788.0 96.8 12.2 775.2 96.9 15.0
2,4,5-TP 0 ND 3.6 ND
8 9.3 116.8 10.8 14.0 120.3 12.8 7.9 99.4 10.8
80 83.7 104.6 2.0 87.6 104.8 18.7 85.2 106.5 2.0
800 810.7 101.3 1.9 723.7 90.1 13.1 756.9 94.6 1.9
2,4-DB 0 ND 3.1 8.2
8 9.5 118.7 16.4 8.8 79.4 6.8 9.9 61.7 16.4
80 78.3 97.9 19.4 83.3 100.4 3.5 76.2 86.6 19.4
800 827.4 103.4 4.6 782.0 97.4 19.4 728.2 90.1 4.6
MCPP 0 ND 9.8 ND
8 6.5 81.5 5.4 20.4 114.7 4.0 5.1 64.0 5.4
80 73.0 91.0 10.7 77.1 85.8 18.3 83.5 104.4 10.7
800 774.5 96.8 4.7 714.1 88.2 10.6 769.7 96.2 4.7
MCPA 0 0.6 19.3 4.7
8 7.4 86.5 10.7 30.3 111.0 11.0 9.1 63.7 10.7
80 67.1 83.2 17.9 98.4 99.1 11.8 80.3 100.4 17.9

800 806.8 100.8 1.1 806.2 98.4 11.1 799.5 99.9 1.1
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Table 5 (Continued)
. Seawater Surface water Leachate
Analyte ?I:;f)/ Background/  Recovery/ RSD/ Background/  Recovery/ RSD/ Background/  Recovery/ RSD/
(ng/L) % % (ng/L) % % (ng/L) % %
2,4-D 0 0.8 4.5 4.0

8 8.1 91.7 20.2 15.0 119.4 1.4 6.4 79.5 20.1

80 67.8 83.9 17.2 92.8 109.8 19.1 69.7 87.2 17.2

800 724.2 90.4 20.1 748.6 93.0 6.9 587.7 73.5 18.9

xR 6 KFESHMIEKT PCAs 1l 75 =R LR
Table 6 Comparison of this method with other detection methods for PCAs in literature
Material Method Matrices E.xtracti.on Lob/ Ref.
time/min (ng/L)
TAPA-TFPB-COFs SPE-HPLC-MS/MS tap water, well water, river water >120 0.30-0.56 [8]
NH,-MWCNTs MSPE-UHPLC-MS/MS lake water, river water, farmland water, tap water 10 10.00-20.00 [23]
CoFe,0,/PCPS MSPE-HPLC-UV river water, lake water and snow water 10 300.00-590.00 [3]
GEM/MMF-SPME MMF/SPME-HPLC-DAD rice 30 360.00-660.00 [24]
MMIP HPLC-DAD mineral, tap, fountain, well 30 330.00-710.00 [5]
MIL-101(Fe)-NH,/SA DSPE-UHPLC-MS/MS  seawater, surface water, leachate 12 0.30-1.52  this work

MSPE : magnetic solid phase extraction; MMF: multiply monolithic fiber.
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