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[Abstract] Objective To establish an analytical method for the simultaneous determination of 18 perfluoroalkyl
compounds (PFCs) in tea leaves using a quick, easy, cheap, effective, rugged, and safe (QUEChERS) method for sample
pretreatment combined with ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS).
Methods The target analytes—18 PFCs—included 13 carboxylic acid PFCs (perfluorobutanoic acid [PFBA],
perfluoropentanoic acid [PFPeA], perfluorohexanoic acid [PFHxA], perfluoroheptanoic acid [PFHpA], perfluorooctanoic
acid [PFOA], perfluorononanoic acid [PFNA], perfluorodecanoic acid [PFDA], perfluoroundecanoic acid [PFUdA],
perfluorododecanoic acid [PFTrDA], perfluorotridecanoic acid [PFTeDA], perfluorotetradecanoic acid [PFHxDA],
perfluorohexadecanoic acid [PFHpS], and perfluorooctadecanoic acid [PFODA]) and 5 sulfonic acid PFCs
(perfluorobutanesulfonic acid [PFBS], perfluorohexanesulfonic acid [PFHxS], perfluoroheptanesulfonic acid [PFHpS],
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perfluorooctanesulfonic acid [PFOS], and perfluorodecanesulfonic acid [PFDS]). The QuEChERS pretreatment
parameters were systematically optimized using the response surface methodology. The tea leave samples were extracted
with an 80% acetonitrile solution and subsequently purified by adding a mixed absorbent consisting of 20 mg N-propyl-
ethylenediamine (PSA), 210 mg graphitized carbon black GCB), and 60 mg octadecylsilane (C,;). The supernatant was
concentrated by nitrogen blowing and subsequently re-dissolved in 50% methanol-2 mmol/L ammonium acetate solution.
The re-dissolved solution was injected into the UHPLC-MS/MS for analysis. The target analytes were separated on an
ACQUITY UPLC BEH C;; column (2.1 mm x 50 mm, 1.7 um). The mobile phases consisted of methanol (phase A) and
2 mmol/L aqueous ammonium acetate (phase B), with a gradient elution procedure. The total running time was 18 min.
The mass spectrometry analysis was conducted using an electrospray ionization source in negative ionization mode and
multi-reaction monitoring (MRM), with quantification performed using the internal standard curve method. The
greenness of the analytical method was assessed using Analytical GREEnness calculator (AGREE) and the Analytical Eco-
Scale method (AES). Results Under the optimized conditions, the limits of detection (LODs) and limits of
quantification (LOQs) of the method were 0.0057-1.23 ng/g and 0.019-4.09 ng/g, respectively. The average recoveries of
most target compounds were 71.1%-117.9%, with relative standard deviations (RSDs) below 15%. The AGREE index of
the method was 0.49, and the AES score was 76. At least one PFC was detected in each of the 132 tea leave samples, and
the detection rate of carboxylic acid PFC was higher than that of sulfonic acid PFC. The highest detection rates were
observed for PFBA at 97.74%, PFHpA at 93.23%, and PFOA at 92.24%. In contrast, PFHpS, PFUdA, PFDoA, PFHxDA,
and PFODA were not detected in the samples. Conclusion The proposed method has the advantages of simplicity,
rapidity and sensitivity, and is suitable for the analysis of PFCs in tea leaves. The method has high greenness with minimal

impact on the operator and the environment. The widespread presence of PFC contamination in tea leaves available in the
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market warrants strengthened monitoring and regulatory control.
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F1 BREELSUNRIESNSH
Table 1 Mass spectrometry parameters for the target PFCs

Compound Retention Precursor Product ion/(m/z) Dwell Cone Collision Segmented monitoring
pou time/min ion/(m/z) " time/s  voltage/V energy/eV time/min

PFBA 1.48 212.90 168.78* 0.003 10 10 0-3
PFBA-"C, 1.48 217.03 171.99* 0.025 14 10 0-3
PFPeA 3.67 262.99 218.83* 0.003 2 8 2-5
PFPeA-"C, 3.67 268.03 222.95% 0.025 6 8 25
PFBS 4.26 298.99 79.69%/98.69/82.75 0.003 18 28/26/24 3-6
PFBS-"C, 4.26 302.03 79.89%/98.87/82.88 0.025 14 30/28/26 3-6
PFHxA 5.56 312.99 268.85%/118.79 0.003 2 8/22 4-7
PFHxA-"C, 556 318.03 272.94%/120.33 0.025 2 8/24 4-7
PFHpA 6.83 362.93 318.87*%/168.82/118.79  0.003 2 8/16/20 5-8
PFHpA-"C, 6.83 367.03 321.94%/168.93/171.92  0.025 12 10/16/14 5-8
PFHxS 6.96 398.87 79.75%/98.75/118.79 0.003 18 40/30/32 5.8
PFHxS-"C, 6.96 401.97 98.86*/79.88/121.41 0.025 46 34/34/32 5.8
PFOA 7.76 412.93 368.82%/168.82/218.79  0.003 2 10/16/16 6-9
PFOA-C, 7.76 421.03 375.99%/171.91/222.99  0.025 4 10/20/14 6-9
PFHpS 7.84 448.97 98.81%/79.81 0.003 64 32/40 6.5-9.5
PFNA 8.51 462.93 418.83%/218.82/168.81 0.003 2 10/16/22 7-10
PFNA-C, 8.51 472.09 426.99%/171.92/222.94  0.025 16 10/18/16 7-10
PFOS 8.55 498.99 79.76%/98.69/168.82 0.003 18 36/38/30 7-10
PFOS-"C, 8.55 507.03 79.89%/98.92/171.97 0.025 22 46/40/34 7-10
PFDA 9.12 512.93 468.83*/218.83/268.78/168.93 0.003 20 12/18/16/24 8-11
PFDA-"C, 9.12 519.03 473.99%/218.95/222.98  0.025 8 12/18/18 8-11
PFUdA 9.64 562.99 518.82%/268.84/168.812  0.003 14 10/20/22 8-12
PFUdA-"C, 9.64 570.09 524.98%/269.92/273.95  0.025 8 10/18/20 8-12
PFDS 9.64 598.93 79.75%/98.75/168.81 0.003 10 48/42/40 8.5-12
PFDoA 10.11 612.99 568.82%/318.86/168.82  0.003 8 10/18/24 8-12
PFDoA-"C, 10.11 615.03 569.99%/169.09/319.47  0.025 12 10/22/20 8-12
PFTIDA 10.49 662.93 618.88%/168.81/318.86  0.012 2 14/24/22 9-12.5
PFTeDA 10.83 712.93 668.88%/168.81/218.82  0.003 2 10/28/24 8-12
PFTeDA-"C,  10.83 715.03 669.99%/169.04/219.14  0.025 12 12/26/24 8-12
PFHxDA 11.37 812.93 768.87*%/168.75/218.82  0.012 26 14/28/22 10-13
PFODA 11.68 912.99 868.86*/168.81/218.96/268.83 0.012 12 14/32/30/30 10-13

PFBA: perfluorobutanoic acid; PFBS: perfluorobutanesulfonic acid; PFPeA: perfluoropentanoic acid; PFHxA: perfluorohexanoic acid; PFHxS:
perfluorohexanesulfonic acid; PFHpA: perfluoroheptanoic acid; PFHpS: perfluoroheptanesulfonic acid; PFOA: perfluorooctanoic acid; PFOS:
perfluorooctanesulfonic acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic acid; PFDS: perfluorodecanesulfonic acid; PFUdA:
perfluoroundecanoic acid; PFTrDA: perfluorododecanoic acid; PFTeDA: perfluorotridecanoic acid; PFHxDA: perfluorotetradecanoic acid; PFHpS:

perfluorohexadecanoic acid; PFODA: perfluorooctadecanoic acid. * means quantitative ion pairs.

PFTeDA-"C,, 25 H{ I EE-2 mmol/LATREAFER (V : V, 50 = 50) JiFE AL
1.5 FREEH IR AU RGN =I5 Y. BRI R

BRI BT BOERA R, SO B RO RIARE R IRAIRRRRRL | BAAR AL FIR A 1, U DN A RS E
IR ROT IR e . (ETEARHERNZR Z A0, KR MRt B P 8 Seio e [T, Attt il 2 e
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8
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Fig 1 Total ion chromatograms of 18 kinds of PFCs and the internal standards

The abbreviations are explained in the note to Table 1.
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—- 50%

[ 2 $REGHIA MR L 51X PRCs [ Y 22 ) 25

Fig 2 Effect of the ratio of the organic phase of the extract on PFCs recoveries

The abbreviations are explained in the note to Table 1.
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Table 2 Experimental order for central composite face-centered design

Stz;‘;:rrd Of(’fﬁi"“ A(Ci)/mg  B(GCB)/mg C (MeOH)/%
1 4 60 90 30
2 11 180 90 30
3 1 60 210 30
4 12 180 210 30
5 7 60 90 50
6 17 180 90 50
7 5 60 210 50
8 8 180 210 50
9 3 60 150 40

10 16 180 150 40
11 10 120 90 40
12 14 120 210 40
13 15 120 150 30
14 9 120 150 50
15 13 120 150 40
16 6 120 150 40
17 2 120 150 40

{ifi i Design Expert 13F1Minitab 202 1 {4 X} 52 5645
RIFITANOVASHT. SiFREH], BRI STk i 3%, P<
0.000 1; =48 (lack of fit, LOF) K $a 4% SR ¥ 4 A g % (P=
0.387 1> 0.05), F IR b M 30L& T 0y o fiff FHAR A
17 1) )5 S BR L (backward elimination ) i RSMAR Y,
I AR F) 2P (hierarchy), Fe A5 | RSMAR AL )
TR
Y = 110.716 66 — 0.149 662B — 5.866 46C +0.004 337BC+

0.087 118C> ()
#(2)h, CIiL, BCH, C*TiiP< 0.05, Ui &2 i A LA L
AR AT | S5 0 GCB FH -5 5 ¥ TR L f51) 1 < FL 33
XPRR AL 2 R, (Hh T AE AL )2 9, GBI
B 2 P T R BT [ s e A A TR . ARG R L IR
R, TN RME 53531 250.975 8., 0.967 8. 0.947 4, F BG4
R DA AR 5 AR 22 T SC R o R T PTA I 1 R A
bR, KI3rh 2 T LLE 73 LR (1 18 FIPRASHY — 4k
e 7 p T T o R SR P 1ol S S B 1 DA i 7 T PR 50

S ST BIUANCIR LRI, S B0, P D5 30, i =4
i 17 T 1 0 K BCA- T, 1A X AB. AC-TiT . GCB
B RIS 5 14 Y I 9] DR S 458 2 1) PRt i D P4
in, B DA Je A 25 B e A S 3 e B R 8 i TR AR . AR
RSMAS I ZE B AT A5, Fefd TAE %4210 mg GCBAI50%
02 U PR L 9], ATTLC, R A H IR 7K P60 mg.
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Fig 3 3D response surface diagram of RSM
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FESR AR, DS I 3 32 AR v A S50R T i Jo S50 i ok 1) 52
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NE, SR AR 298 2
232 &M EFELHAXZK

WRAE L AREL < 16 PFCs7E0.05 ~ 20 ng/mLyL[Fl £k
PER A (R*> 0.995), (B4 7SR R (PFHXDA) Fli 438+
J\IZIR (PFODA ) P ) 15 W i HLIC X5 1o 1) [ 437 28 N b, 4%
P52 (R>0.990)
233 AHRETFMR

77 K6 H BR (method detection limit, MDL ) A1 & f2 fR
(method quantification limit, MQL)/R#EEPA 40 CFR
551363043 i S BH A MDLAR FF il AR EGB/T 27417—
2017 A5 IR LT AR IR A T 8, e R I PR Y
fH5E WMDLMMQL. PAKM fiH0.2 gif 5, A0t h
PFCsHYMDLHAIMQL%: % 40.005 7 ~1.23 ng/g.
0.019 ~ 4.09 ng/g.
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1222 PUN S22 (B2 )

% 5645

HE 53K, #2423 d, TR ISR TP 7 i i
ik, RSD (relative standard deviation) H T3l H NS
RN H IS R, 25 L3R3 . BRPFHXxDAFIPFODA
Gh, AW IR IE71.11% ~ 117.94%2 6], Bk
W R (RSD< 15%) o PRIJGH Y[R 2R P A b A7 A%
iE, PFHXxDA 5 PFOD A [Nt 8 FIAE % B2 4 22, I [l i
RALHF61.68% ~ 73.51%, K% 411.18% ~ 23.17%.
235 FikGkEMIEE
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REOE 05 75 FETTH R W) 7= A R, 25 5T R i Ak 2
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AEER RN AR AT 0 B E] . AGREER B8R ik
F SCHR B AL B R IR A0 58 R, A 5% Sy 1 43 A ik
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3 RITARMEIR 0.6 AESTT /34K 48 SCHk 41eE 19 75 ik 11
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VT S A A28 0 A A B i o T ks H gt 2,
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24 EEREFEMUE

#5157 I QuUEChRES-UHPLC-MS/MS )5 2 FH T 45
FESRTIN , A6 H 3R BE Y FEL AN R 4R 7R . AR 1324 A5 it
FES T, BEOYRE S IR 1R S Z FPPFAS, PRCsHYKL H! 5
H1100%, BEHIPFCsT5 Y AEA M i fF 78 . ARIRK DR
06 i A L 5 Ll R 28 4 Ak G W TR i, KA
PECsk H Fm L T 4569 i . PFHpS. PFUdA. PFDoA.
PFHXxDAFIPFODARYLAS 11, HAX 13RI PFCs A A [ 2
JE RIS Y, PFBA . PEHpAFIPFOA RS 2 5 5, 433 K
97.74%, 93.23%192.48% . 25 A it HPFCs 5 15 1 I A6
7K SF-#£0.12 ~ 18.20 ng/gii Bl N, “F-347KF-44.42 ng/g,
55 SRR T ) 45 SRR B G b S AH Y 2 g R
PFCs %t PR HH K 546 H A 5Bl #ads, PFBARLA
e HFHE (2.839 7 ng/g) , HAK W PFPeA(0.58 ng/g),
Y HPFOA(0.33 ng/g) FIPFHXA(0.30 ng/g) .

R3 FHHERLEWRNAEZEIELER (n=3)

Table 3 Results of methodological validation for the determination of PFCs in tea leaves (n = 3)

Compound Standard addition/ Recovery/% RSD/% Linear eq. 2 MDL/ MQL/
(ng/g) Inter-day Intra-day (ng/g) (ng/g)

PFBA 0.96/3.2/16.0 88.60/109.95/97.78 14.06/5.19/11.53  9.57/11.93/8.12 y=0.8123x—0.0012 0.9995 0.19 0.64
PFPeA 0.96/1.60/3.20  108.18/112.04/87.23  10.61/9.01/9.50  6.66/13.02/8.84 y=0.8422x+0.0077 0.9996 0.15 0.50
PFBS 0.08/0.16/0.32 72.48/79.51/73.83  1.57/8.70/6.66  8.11/10.39/12.83 y=0.9465x+0.0061 09997 571x107° 1.91x 10~
PFHxA 0.08/0.16/0.96 94.59/75.03/86.59  4.44/1.92/4.39 8.58/9.97/8.86 y=0.7037x+0.0062 09994 732x107° 2.42x107°
PFHpA 0.32/0.96/1.60  95.48/108.02/103.97  6.01/3.71/6.70  13.60/9.10/6.78; y=0.8850x+0.0061 09995 6.82x 107 226x 107"
PFHxS 0.08/0.16/0.32 90.16/81.04/94.85 9.30/12.35/11.69 2.39/7.56/9.13 y=0.9008x+0.0005 09990 172x107* 572x107"
PFOA 0.16/0.96/3.20 92.67/90.43/99.13  4.80/4.60/4.11  8.49/572/1038 y=08158x+00191 09994 372x107° 012
PFHpS 0.32/0.96/1.60 80.21/87.01/84.41  5.08/12.42/628  7.43/12.59/6.03 y=1247x+00428 09985 9.93x107° 0.33
PFNA 0.08/0.16/0.32 81.29/116.51/84.60  4.44/7.99/12.33 11.56/11.79/10.10 y=0.7932x +0.0004 09994 134x107" 445x107°
PFOS 0.16/0.32/0.96 86.94/71.11/87.96  6.06/7.92/9.04  8.46/10.00/7.23 y=0.8180x—-00102 09996 6.17x107" 020
PFDA 0.32/0.96/1.60 72.80/79.51/84.66  14.30/2.57/7.10  7.64/10.28/13.18 y=0.7729x+0.0012 09993 9.94x10™° (33
PFUdA 0.32/0.96/1.60 76.54/78.78/82.73  8.66/1.18/525  13.47/6.68/628 y=07787x—00028 09997 847x107° 028
PFDS 0.32/0.96/1.60 7247/75.72/71.76 13.06/12.87/6.12  10.22/1121/6.17 y=0.1224x—0.0010 09996 7.21x107° 024
PFDoA 0.16/0.32/0.96 102.93/85.46/77.44  6.15/7.18/3.73 14.02/10.36/13.30 y=0.7551x+0.0068 09992 509x107° 017
PFTrDA 0.16/0.32/0.96 97.21/71.88/87.22  9.44/8.78/6.88 9.73/11.89/1043 y=0.5961x—0.0380 09910 5.03x107" 017
PFTeDA 0.96/1.60/3.20  112.94/115.09/117.94  3.04/5.36/3.65 8.02/6.96/8.59 y=0.5397x - 0.0260 0.9986 0.13 0.46
PFHxDA 3.20/16.00/32.00 66.43/69.85/73.51 4.18/12.11/13.96  16.78/7.21/18.96 y=0.137 1x + 0.0060 0.9823 1.16 3.86
PFODA 3.20/16.00/32.00 61.68/68.04/71.26 6.40/10.91/23.17 19.32/14.08/12.59 y=0.1784x+0.0114 0.9510 1.22 4.08

Linear eq.: linear regression equation; the other abbreviations are explained in the note to Table 1.
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0 | ZHENG H (2014) ! & ZHANG H (2021) ‘This study
(of Pretreatment: o] Pretreatment: [/ Pretreatment:
ﬂ Solid phase extraction /Y QuEChERS QuEChERS
) | AES score: 73 AES score: 72 Q‘. "/ AES score: 76V

Miniaturised, faster and easier pretreatments

Bio-based, safer and lesser reagents

)
ZHANG R (2017) =
) Pretreatment: ﬂ
Liquid-liquid extraction
AES score: 63 Q ’

JALA A (2023) )
Pretreatment: Sin-QuEChERS?

Liquid-liquid extraction p-QuEChERS?
AES score: 76V

LC-MS: liquid chromatography-mass spectrometry technology
AES: analytical eco-scale

Bl 4 AGREESAESEX&TfELER
Fig 4 AGREE and AES joint assessment results

R4 12BFMERMNELSR
Table4 Testing results of 132 tea leave samples

Target compound Detection rate/% Average value/(ng/g) Range/(ng/g)

PFBA 97.74 2.84 N.D.-17.04
PFPeA 69.92 0.58 N.D.-3.74
PFBS 19.55 0.0049 N.D.-0.070
PFHxA 82.71 0.30 N.D.-0.070
PFHpA 93.23 0.29 N.D.-1.46
PFHxS 18.05 0.013 N.D.-0.36
PFOA 92.48 0.33 N.D.-3.16
PFNA 24.06 0.012 N.D.-0.16
PFOS 9.77 0.0090 N.D.-0.21
PFDA 3.76 0.0073 N.D.-0.28
PFDS 1.50 0.0014 N.D.-0.09
PFTrDA 34.59 0.040 N.D.-0.30
PFTeDA 19.55 0.0021 N.D.-0.030
YPFAS 100 4.43 N.D.-18.20

N.D.: not detected; the other abbreviations are explained in the note to
Table 1.

3 e

A5 38 i RSM A2 T A A6 T QuEChERS R 7 4 15
YESH, W@ 7 T —M QuUEChERS-UHPLC-MS/MSJ7
PRI 5 A i 18R A AL S, vk s R AL S
LR, HETFF A h 25U G P Sk b, — ik
SCHRRFH T V- TR A BB AR AT i T AL B, 5 (8 A
KRB A HLE R . Qnag ir i, 25 kA & is A R
QuEChERS#17#4k., 2K 1M H Hif FH T PFCsill 2 A it IE 1
Ao R SCEEM SR FH R S A6 A QuEChERS A #EA TAE Sl 4k,

455 UPLC-MS/MSIIE T 45 h g 14FP PFCs, 345 T
20 ~ 40 ng/kgM AR B, AR SR R AE R 27 1
FHAL, fH— 2L G 55 PFCsWPFBS . PFHpA . PFHxS,
PFOS. PENAY R U AT TAMSE, X 80 T
Kt B A o GnrE sk SCEERIBIFSE b, 3003 28 HHFE
{UA 23 FE K B PFOA, 5 Z B ZHANGEE AR 58
AR 22 SFH K, PFHpA . PFHxSFIPFOSSE 32575 4L
PIE TR SCR BT 38 AR

UEAb, e RS IIESE T, AKX QUEChERS 444 4 T
RGARAL, R LB TV LB R R, R R BRI
ST AE UHPLC-MS/MSAG I 7™ A= 55 588 1) R 25 4100 o) i
AR T 2B, R AE T2 il S g e, TR T I
BRI, TEZE A LA i RAUE, AR T A ) ZEBIFERT A
BT B A LI R AR, R RRAR 1 12 (o A ) 3 6 A
grtE . REGACTHAN M IR R B B, (HAHR a1 1 2%
Pk BTG R R, A SCE N I A g n
PROE 3, X AEF MR /N, GACTRAL i
/N T AT BERIAEAR T 1) B AN % QuEChERSH: AR #EA TRk
M ik (p-QuEChERS) ™ a5 124 & ] fb H A% 1 (Sin-
QuEChERS)",

ARG K ILPFASTS YL A 45 - vl it £7 7, — L0 B
R RS 2 AL A Wy 0 A SRR K 4 B v,
PFBA. PFPeAMIPFOA, $&/~ Ho 5 58 U AN 25 240, X H:
HEAT WAV s AR FRE o AR SRS I A A R i e
% PFASHIRS % 5 ZHANGE 1) 45 5 (100%F178.95% )
AHIE, {{PFNAFIPFDA (24.06%7#13.76% ) LAl T HARH 1
(89.47%H142.11%) , 165 E[1EE 202 34FHZ I 1 2 G 1 6
FEAE, MRS 23R 22 5 2 B R R R A B ] LA X ) 5
JPE 8, ZHANGIBFFERE AR AL T20124F, MAHFFY



1224

PRS2 (B 2D

% 5645

IED BE S5 M A6 0 24 7E 202 14F J5 FF Ji, 3t 38 B 45 i oo
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A G A YIPFOAMIPFOS, HF-34{H 43124 0.33 ng/g
#110.009 ng/g, PFOA /K- 5 TPFOS, ‘BAT 1A 1 iy
TEAEA R B Fa A, X 5 PROSTE My fc 30 A (i af
IRBEINZY YA TAL AP0 (20094F ), HoA: 7= R 1 32 51 7™
% BRI A G, TPFOA BL 2 20194F5 H A AN A A 245
PO, X AT A8 S BUE AE PR A T i 5% B AT AL T A
K-

ARBI AT 18T 4 FURR IR A 2 R R AL S Wi T
TR, 1 A BERE T Z RN PFAS, DL R HAR AR i AT
VR I5T, Jo 20 W 3K T 22 (0 A 9 ot 8 R =1 38 o) e A
P AT IR TE . BLAh, BIFSE E BT T T B L0 A R
AR PECs Y Bt K i Y RFAE, Xt R [N T T2 2 A 25 -
FIAS . BIeAs | A5 RE A AR A TR R4 #T, PR Tk
PR [ ZE I R A PECs TS YLIRIL, HLASHBEAR 220k
BT E VR . R R IRAE AR X, B MR
AR, BRI T PECSIWARIE B /00T . ARBFZE AT
KA R FRE AR, LATE 4 1] b 45 7R PEASTE AN [F) il
AN b A B o A R RS I R 2R

* * *

YEETERAEY 0 4E7 ST B 7 g . RN ARG DFET7
L L TR SR, i R SR SR R 2R RIS BT
W AT ANI AR S R, SR e S SRR T 4 . IE AU AL
WERRIRG S 1, ARG ST AR BETE 07 Rl AL,
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