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PRACPE T 22 5 BOK, iF — 2P 2R o My i B A R
()30 38 PE o ABIF ST EF 6 LA 1), I £ 4% 1 Ak B
W 5 A0 1 B 5 0, Ol o A B o S R
PFCs (ARG HES 5. B 7, 3T 5 A (Tonic Liquids,
ILs) 55 PFCs AH LI A 25 P F1 i 7K i v 1 252, it ]
BT IR AR BORE (i PFCs TSI WI 9043 55, kbt 1
AR it 5 R B I T A3 B Y Il s vk, R
55 FH 2 7 32 #t (Weak Anion Exchange, WAX) [ #H £
HUREXT PFCs B8 e M Ak e 4R BB 0 B0, Xof £ Uik i
AT B ER A B RO M T P 3 X6 BT 1A i
BRI 1; B, SR P RORE €33 £ 3K 1 4 8 B 1%
(LC-MS-Orbitrap ) illl 1 ¥ 45 5 () PFCs, #& = T PFCs
FER I HTERR . AR SCHEST T — i e T AR 4R -
AHZE B A - VRORE €00 15 53 1G5 43 9 B il o A T 28
FEfh A 3 Fl PECs(PFHXS, PFOA ., PFOS) 4T 572 o

1 SLIGEHy

1.1 ERSiKH

Z NG (ACN) | H B (MeOH) : Jii i 4, 3¢ [
Thermo Scientific 23 #]; 27K (NH;-H,0): 9=25%; LR
B (CH;COONH,): 4l 4 99.8%; £hR(HC1): 12 mol/L,
Jb 5 RORPHE A BRA A5 1- T 56-3- B SRR 7S G i
% £ ([Bmim][PF,]) : 41 Ky 99%; 1- T -3 S b s
VU AR AR ([Bmim][BF,]): 26128 99%, bRk
B R A BRA R . T SE50 K B gtk K
A Al AL 2% 5]

4 98, C HE i R (PFHXS) #5 i & o 42 8% 1R
(PFOA) bRifiE il . A0 2E LR R (PFOS) bR i . 4[]
P ZE AR IC 4 I O LA R (10,-PFHXS) AR | B[Rl
ZHRC 2 WL (1C,-PFOA) bRIE S . B[R EARiC
L E TR R (1°C,-PFOS) bRl . Bk Al 37 R bRic 4
P B W2 (PCy-PFOA) bR it - 41 $41>99%, Jt 3%
A R A RAF

WAX [ A % BU/NVFEE (200 mg, 6 cc), Acquitycsh
C18 {4 3% (2.1 mm=100 mm, 1.7 pm) , % [E Waters
NG
1.2 XE5EE

VR 05 £ I = 43 E B BE B S AY (LC-MS-
Orbitrap, 32 [E Thermo Scientific 23 ] Orbitrap Exploris
240 ) 5 G VEAL (1 23R BHE A R ], UC-
10H #) ; AW AL (L R BHE A FRZA A, LC-
DCY-24G #); K5 % BR BETH( I T g A B> W], PHS-
2F A1) B0 AL CE I A AL DAL R W], TD4
L) 5 G VR 514 (L T Sl A7 FRZS B], VORTEX-

M #) ;[ FH AR HURE 8 (R PR 8 0 A7 PR\ W], ASE-
24 RY) %

1.3 X5 R

131 &# 54 Fisht A: 2 mmol/L Z R &4 /K %
s LA B: 06 ik : 0.3 mL/min; A1 : 40 °C; ¥F
FEfE: 2 plo BEEEVEMLRRIT LR 1.

K1 WA BTG S ARR BE
Table I Mobile phase gradient

o/%
Time/min
A B
0 90.0 10.0
1.00 90.0 10.0
14.00 5.0 95.0
17.00 5.0 95.0
17.10 90.0 10.0
20.00 90.0 10.0

132 Jid 40 BTSSR R BOE O S TR
(ESI™) 5 Wi = i 5 P47 2 17 s I (PRMD) A5 5 M
%5 ML 2500 Vi B AR R RLEE : 325 °C 28 K A il
£ 350 °C; 43P 45000; £ 453 (m/z) : 50~7505
AW S L3R 2

# 2 HARYBRA TS &

Table 2 Mass parameters of the target substance

m/z
Compound CAS No. RT/min
Parention  Daughter ion

PFHxS 355-46-4 7.82 398.9366 79.9573

PFOA 335-67-1 7.72 412.9664 168.9893

PFOS 1763-23-1 8.59 498.9302 79.9573
""0,-PFHXS  1585941-14-5 7.82 402.9541 83.9656
1C4-PFOA 960315-48-4 7.72 416.9798 373.0659
13C4-PFOS 960315-53-1 8.59 502.9436 79.9573
BCg-PFOA  1350614-84-4 7.72 420.9933 172.9893

RT—Retention time

14 LBSE

141 WAL WIGE T IR ARTE B AL 3]
e (DFREC0.1 g A MRS, BT 2 mL RN
(PP) A4 T 8.0 Th 25 FH; (2) 1) 5.0 A 10 ng
A R AR, A FH Ak 25 & 1.00 mL, R gk
T 20~60 s; (3) [a] B0 T B IR, IR e IR
20~60 sfe, B TR A KRB P A AR L hy (4) =
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T84 F A5 000 t/min 50> 10 min J5 /53] F )2 &1
WA, PRI A5 FH 5 (5) ) 25045 ) A v oA v 4k g
AN B A, A0 ER (3) M (4) Y HRAE, & IF W
IO -
142 ML YA AEBUR ER 1Y B AR S R
She (1) K5 BT 7548 BB 4 4 /K s B O 149 pH; (2)
P WAX [ A 2 BORE [ 2 7 [ AH 25 BOCR & 1, KR At
FH 4 mL 0.5% (AR 3%, T [R]) 2K H A . 4 mL
FH BN 4 mL 8 467K 16 b AR ZE UM 5 (3) 45 25 3R
()45 2] 0% BT 1 $2 U L 5~10 mL/min ()37 2 38
1o [ AHAE BORE, R AR e iR e He e, T 4 mL
25 mmol/L £ R /K Wk 1k WAX [ AH € HUEE , &
BRZRJE; (4) B2l T WAX BRI, AR 4 mL
FBE . 4 mL 0.5% 227K H s V10 58 o] AF A6 AT, 5
TR, K5 Ve IAE T PP M RS A R (5) 7
o 40 20 R PR R B R Ik FE B T, A 10 ng
HERE bR, (SR R B A 45 & 1.0 mL, &80
0.22 pm JE JB£F Ak 8RS AT U8 RIAS AR i o
143 =20 4% 1.3 1S AR KM, X7
PFCs 1 G b M 85 W 40 VA 85 DAV 28] w3 0K UK 9 47,
DL H bR Ak & W i o o ok B R A A B, XS 7 ) 8
T 0 T RRCA AL A, 2 AR o TRk . K i Ak
PR i S B0 7 R O ARk, i Zedl
BRBERELAE . AT A BT E A 5 W T PECs
() BT R B, PRI FRAE T . 8 2 IARR S A 4k
PRSI
1.5 REEH

A3 AT I 4 A A R o (o FH B 5 L R DU R 2 M
(PTFE) M HLAY & M B}, 2545 0040 PP M T L 28
Sl PE BT . X8R G5 I 34 B 5 O PEEK M
Fi o IEAC IR A, AR IR AT 3 AT A
B o FE ARSI Sk AR rp AN R S A ) R
W I IR, fdt IR 28 bR vk o . BRI AR 40
T I35 (5 ) 3 T o o HY 28 2 o

2 H#HRE5VR

2.1 EXIKWIZIT R PFCs T2 & 1%
AUIMFE S PRCs RBIE T3 F IR I 54 B4y
B, o FH R S DR AR T S A AR U BB B T 4
HURE i v PRCs I SEIRAI 9 43 25, b g U AR Fh 2k
5l AR BUR RS2 BUSCR I A S50, WA
Ve A R I 0 o3 X 4 & 1 kS5 A R TG R RS A BT
SR, B pH RVAER 25 5% i) 5 -5k 5 DI i 3 5
M) WAX /MERIRGER R . L, iR 2 b Bt

FEVG S 4 TROCHEIN R, 43 5 B8 F AR R 2 (4) L 3
TR AR FL(B) . % B pH(C) 5 B IR FR
(D)o 45 Z 8] 0] BEAEAE i 35 28 BN, AL 40 i J A
R ETEME LT R a2 AR, IF BRI .
WX mAE, S, ARSI AE SRR T
(Orthogonal Experimental Design, OED) , i i ¥4 fiff 43
PR 58 55 AT LM Y B2 S B 3, DL e /D B
S Z R 2K 2Rt

A SCHE Y PO R 3 =K IE R R AN SR 3 i,
B B T 4 W R ACEA A, AR 9 4R =Mt
BRI T A R 81 M e EAU AR, A SCHES
T8 KB R LAY B AR, T RN B AR (1-
TR -3- B R 7S G R 4R ([Bmim][PF,]) | 1-7T 2-
3-FF L i s Y S R 5 ([Bmim][BF,]) ) 76 % i T &
R R A VR AR, T L RS BOGRI . BRE,
W T A1 347K 4500 R B — 41 43 [Bmim][PF,].
[Bmim][BF,], LA % [Bmim][PF,]5 [Bmim][BF,]({4
1 DIYIREWAR(ES A [Bmim][PF,]+[Bmim][BF,]
(1:1)); $2HCH bRy 284 B B 2 1.00 mL (19 41
TR, B B B EE K F- 15 E S 0.25, 0.50 mL A
1.00 mL; DA WAX /N DL Y 5 AR 0 WRRAE O JE Al
¥ C BRI E 4 pH=5.0., 6.0, 7.0; K D [k
SERfSE A 100, 250, 500 mL, [A]HF, % 4 R TIER
FeRg) 9 HIRI N Z

3 WHEE=IKPIERRT

Table 3 Four factor three-level orthogonal experimental design

Factor

Type of Volume of pH of Volume of
Level

ionic liquid extract/mL  diluent  diluent/mL

(@] (B) © D)

1 [Bmim][PFg] 0.25 5.0 100

2 [Bmim][BF,] 0.50 6.0 250

[Bmim][PFgl+
1.00 7.0 500

[Bmim][BF41(1 : 1)

KSR THEELREN OMAXMT,3MHE
Fi PFCs(PFHxXS. PFOA. PFOS) 1 iR 56 o] i 45 5 .
BT AR, 250 E 58] PFHXS. PFOA % PFOS
) T A R S5 (LR TSR AR 22, A6 6~35 8 T, ImTIliC
RIESEIT 100% A EAEKE, K R (H RN
Wi DA 38 7E = KPRt 22, S TN R A
X PFCs 1 ISR 52 i 2 B K/
22 BFRERIEFMESERFRNMRE

HBE . M . IO 0K g 55 i 5 300 A 44 BB A vl
JERE G P By PFCs I 37 H BRI TG % 4 5 9 B
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Table 4 Orthogonal experiment design

%7 PFOA FiAb Bk

Table 7 Preprocessing condition optimization of PFOA

Type of ionic Volume of Volume of
Test pH of diluent
liquid extract/mL diluent/mL
1 [Bmim][PF¢] 0.25 5.0 100
2 [Bmim][PF¢] 0.50 6.0 250
3 [Bmim][PF¢] 1.00 7.0 500
4 [Bmim][BF,4] 0.25 5.0 100
5 [Bmim][BF,4] 0.50 6.0 250
6 [Bmim][BF,4] 1.00 7.0 500
7 [Bmim][PFgl+ 0.25 5.0 100
[Bmim][BF4I(1 : 1)
8 [Bmim][PFgl+ 0.50 6.0 250
[Bmim][BF4I(1 : 1)
9 [Bmim][PFgl+ 1.00 7.0 500

[Bmim][BF4](1 : 1)

Average recovery rate/%

Level Type of ionic Volume of pH of Volume of
liquid extract diluent diluent
1 106.48 90.57 92.93 92.48
2 92.11 86.46 95.19 92.88
3 82.22 103.78 92.69 95.45
R 24.27 17.32 2.49 2.98

# 8 PFOS TiAb B A& {0 1

Table 8 Preprocessing condition optimization of PFOS

5 IEIE AR

Table 5 Orthogonal experimental recovery rate results

Average recovery rate/%

Average recovery rate/%

Level Type of ionic Volume of pH of Volume of
liquid extract diluent diluent
1 62.80 64.10 64.01 43.47
2 55.00 32.60 49.58 57.33
3 40.33 61.43 54.54 57.32
R 22.47 31.50 4.96 13.86

Test

PFHxS PFOA PFOS
1 85.01 101.65 66.25
2 89.00 100.20 44.18
3 88.59 117.60 77.97
4 78.50 92.51 67.87
5 73.21 82.93 27.48
6 89.02 100.90 69.64
7 68.20 77.55 58.17
8 64.94 76.25 26.13
9 52.18 92.85 36.68

# 6 PFHxS FlAbEEZ AR %

Table 6 Preprocessing condition optimization of PFHxS

Average recovery rate/%

Level Type of ionic Volume of pH of Volume of
liquid extract diluent diluent
1 87.53 77.24 79.66 70.13
2 80.24 75.72 73.23 82.07
3 61.77 76.60 76.67 71.34
R 25.76 1.52 6.43 11.94

G o B AR ORI B TR B BB 3%k B HR B PFCs, X
RSN BA ST B, A RN TS, Wk 6~8
JFf 7%, PFHxXS. PFOA. PFOS 3 2% i 19 & 15 B8 F ik

P2 1 g B — 41 4% [Bmim][PF (K 1), I RE
i N R BB 43 )ik 5] 87.53% . 106.48% 5 62.80%,
REAE I IR I PFCs S 40 T I AR EER

BT AR (B) XHEBCR A B 5, fif
FH 2t A S B AR, Tk T 43 $ U 0 A 5
PFCs, I BEARAE it [0 50 A i i 2 ) 255 I AR
SMERE R MR, DTS M — i Eh Rk . R 6 4%k
WY, AN [ BR B - W A 2 JBORE o i PFHXS ISR A 5%
40025 mLOKF- 1), 3 7 4558 %1, PFOA iy fefl;
BT A A R 1.00 mLOK S 3), IR, B4kl
W IAMH R 103.78%, AR, AR R T ad &
FE S EDSCRESR . 36 8 45 LB PFOS MR LS T
WARME FHRFLA 0.25 mLOKF 1), BEAf PFOS #) [ul
ORI IAF 64.10%, 546 25K .
2.3 HEi% pH ESERAME

BT WA R SR MR R A X AN A
K05, A I B AR OB T B e i — A0 i 4k
LG 7 ] BRI TACER T o B S T AR B O B
AR B/ IMEAT WAX [FIAHZE U J5 , 1 ™ o i AE b
FE BTV B AR5 B B W AR R B
22 RARF WAX [ AH AU (200 mg, 6 co) &, $2HK
W5 ORI N 78 4 fib i i T B ER ORI R AR, T
I, £ F WAX(200 mg, 6 cc) & AHAE BN A $ AR 4
ML BT IR BUR T 2 B R A iEy . WAX
5567 B T RUBORE, ARV TR B T B AT WAX
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FERL AR A R, BT 3R 68 IS5 R, # e
T PFHxS. PFOA. PFOS 3 25 Jifi Xf i #4) i B¢ ¥ pH
e 3 25 2 43 0 S pH=5CUK F 1) . pH=6(JK F- 2) |
pH=5CK - 1), By S Rz 9 A it Il i 38 2 0 49 53] oy
79.66%. 92.93%. 64.01%, HIFF A 2K, £ TR
PFOA Fi BE W AR BR 45 e W1, Y 7 B W A FEUAS [ isp
PFOA 11 [M1ig 2675 Ak i FE 35 /N, el 250 mL, It
B NSRBI Ry 92.88%. 3 6 5 3% 8 FR MG BEl
45 15 8] PFOS 1 PFHXS 175 B WK AR 1% 4%
PR [EAE R 250 mL.
24 ZHMAEBRIEFTRNHE

TE AR 0 25 R I 22 73 DT RE A A o 4 DR 30
i T A AR S 1 R . 3R 6 SRR,
X PFHxS 11 75 , 4 F s i PR 2 0 S 38 R B« 4R U
ot 28 > B VR A R > B pH>filt AR 36 7 45 2R
FEW, 4 R [H K X PFOA Y b 572 1 0« $2 B
Fofp 2>t FH AR B0 B AR B> H0 B R pH; 3% 8 45 21
FEH, 4 B ZEXF PFOS 119 52 i) I 25 R 3 o8 « i FH 44
FRSHR BGA R 28 >H0 BEBR BT B pH. 255 3 Fil
PFCs [0] Y 5 Al 520 [H 2%, ) 58 8 TR0 R BB b 2k
R E B R R 2R, R AR AR A YR S e [
R, MR pH 5 PR R 9 R [m] g 55 i AF G A7 PR

Zi 4y ik 3 Fp PFCs 1 &5 3 1t o die 2L 3 7
o BT IR IBGR) o 24 ot A [ A 3R A 5 ) S
T2 )& ¢ &, PFHXS. PFOA K. PFOS ({4 1% B T W 1A
F R 35 4 B — 20 4% [Bmim][PF,], P S 85+
W AR B IGR 5 24 [Bmim][PFe]. 5 W AR i F &
X PFOA f PFOS (1 [ it 22 5% W 8 K, %F PFHxS [a]
RS 5 /N Horp PFOS K PFHXS 16 B8 7 I
A F AR 24 % 0.25 mL, PFOA 1E 3 FliKF T
BT A2 20 BT 25K, TR I 2 Y A 1 P A RR it o Ay
0.25 mL. FiBe pH XF 3 F PECsI [m] U5 252 0 1) 4
XPHE /N, 55 75 18 3 25 B AR W o [l g 38 K 52 56 5 4

P, W 2 M BRI pH M 5.0, PFHxS. PFOA & PFOS
B H BRIV R UL B (E 24 250 mL, K IHCKF 250 mL #ff
FE TR BRI . 28 LR, B 22 GO Ak $ 5
PR E 2 ffE ] 0.25 mL [Bmim][PF,] 42 Ht H A il &
FE iy, BB AT 267K B 2 250 mLJ5 % pH 115
Hp 5.0, Fi B 24 WAX A AE UM gL R 40 L 1
YRR
25 AEFER

TEOLAL B SE 3 25 0F T, ¥ — R A 7] o o Wk 2
P25 1 35 T InAR 1 I MR A, R A3 1°C,-PFOA 11
JT R W B A 10 ng/mL, 38 35 PN bR I A8 i 4 A ME T
YRR, 3 28 Hix PRCs (it A& 1 i . SE5 4%
0], PFHXS. PFOA . PFOS 7£ 0.08~50 ng/mL 4%
PEJE I N 2 I RAFAMEOCR (R>0.99) o XK
H R (Limit of Detection, LOD) #1571 & & FR (Limit of
Quantitation, LOQ) 43 Jll i 1 3 % A1 10 4% 19 15 W e
(S/N)it#455], PFHxS. PFOA. PFOS i LOD 4} %
7 0.020. 0.014. 0.019 ng/mL; LOQ 4% %Il & 0.079.
0.059. 0.078 ng/mL. FEANLEHR AN 9Fim .

100
80 F PFHxS

60
40t
20 f
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=
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PFOA

Relative abundance

7.76 PFOS
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Retention time/min
1 325817 PFCs(PFHxS. PFOA. PFOS) [ {31 &
Fig. 1 Chromatograms of PFCs (PFHxS, PFOA, PFOS)

V]
SO
T

# 9 PFHxS, PFOA, PFOS HUZIEJr . MIOCREU(RY) | (AR AR H FRAN 126 2 i BR
Table 9 Linear equation, correlation coefficient (R?), limit of detection (LOD), and limit of quantitation (LOQ) for PFHxS, PFOA,PFOS

Compound Surrogate Linear equation R? LOD/(ng'mL™") LOQ/(ng'mL™)
PFHxS "%0,-PFHxS =0.312711x-0.310399 0.9980 0.020 0.079
PFOA C4-PFOA 3=0.099864x—0.069 570 0.9988 0.014 0.059
PFOS 1°C4-PFOS 1=0.204833x—0.228417 0.9967 0.019 0.078

2.6 SEFRRZFH
R A AR J5 AL B 5 325 55 i 4 3 B o0 i i
S sE AT RS BT AL 24k R il b PECs &

JEE, S A R B Rl DR AN 2 7R
JH A A 2R FE Il ) P2 2 0 B B A
TEERZES . AT & A KRS, 57 d ke, K
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Fig. 2 Detected concentration and recovery rate of PFCs in petroleum-based samples

Jo R R, R B R R T R AR AR, B
oy, FR N B Rt . BT L 2L E
WONZ) R B S R, W T R B
B ACRAS L W sh Ml 25, 2R A o0 I o3 R W 75 I o
AT 3 M 7 % 30 A A S RO 55 A ) B A B
25 5%, 0k Z2 9 AL FRERAR T AR Ak 2 A Y 2 o
RN, SEIFE i A PFCs ¥ B RAFIETE . S0l 45
SErlf4, AR 3 A PFCs(PFHXS. PFOA. PFOS)
FR) 5 R 20 K003 00 A 1.47x107°, 0.99x107°, 0.80x107%
B ) LU 3 Fl PFCs(PFHXS, PFOA. PFOS)
BB A3 B4 510K 17.18% 1070, 17.40x107, 10.79%10°%;
SRR S ISR 58%~112%, J5 I K A 4 e I FE
F [R5 22 AR 1T g 40%~160%, 247715 & AH e b
TR o PRI TH 2 Y ST UE B T AR S T
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Abstract: Perfluorinated compounds (PFCs) are extensively utilised in the petroleum industry. As a class of
emerging contaminants, PFCs have the potential to enter the product chain during the refining process, which may lead
to environmental pollution and endanger human health. However, efficient and reliable methods for the pretreatment
and detection of PFCs in petroleum-based samples are still lacking. Therefore, an analytical method was developed in
this study, combining ionic liquid (IL) extraction, solid-phase extraction (SPE) purification, and liquid chromatography
tandem high-resolution mass spectrometry detection. Orthogonal experimental design was used to optimise the key
pretreatment conditions. The optimised procedure yielded the following results: The sample was extracted with 0.25
mL of 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim][PF]). The extract was then diluted to 250 mL,
adjusted to pH 5, and purified using a weak anion exchange SPE cartridge. The purified samples were separated on a
C18 column and ionised by electrospray ionisation (ESI) in negative ion mode. Analysis was subsequently performed
using an Orbitrap mass spectrometer in parallel reaction monitoring (PRM) mode. The limit of detection was as low as
0.014 ng/mL, and the limit of quantitation reached 0.059 ng/mL. The analytical method was applied to determine PFCs
in crude oil and FCC tail oil. The detected concentrations ranged from 0.88x10°—1.47x10”° and
10.79%107°—17.18x107°, respectively, with recoveries ranging from 58% to 112%. The results demonstrated that the
analytical method established in this study can effectively mitigate the matrix effect of petroleum samples, enable
efficient enrichment and determination of PFCs, and be generally applicable to petroleum samples with diverse
physicochemical properties.

Key words: perfluorinated compounds (PFCs); emerging contaminants (ECs); petroleum; ionic liquids (ILs);

orthogonal experimental design (OED)
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