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Magnetic fluorinated covalent triazine frameworks for efficient
extraction of perfluorinated compounds
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Abstract: Perfluorinated compounds (PFCs) are a new type of persistent organic pollutants. When
consumers consume soft drinks contaminated with PFCs, it can cause severe systemic diseases.
Increasing concern regarding the presence of PFCs in soft drinks has resulted in the need for reliable
analytical methods for the monitoring of PFCs. However, the content of PFCs in soft drinks is
extremely low and the matrix is complex, making it difficult to directly determine their content using
high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). Therefore,
the necessary sample pretreatment is required before instrumental analysis. Magnetic solid-phase
extraction (MSPE) is a simple, rapid, and efficient solid-liquid separation technique, and its ex-
traction efficiency depends on the characteristics of the magnetic adsorbent. Covalent triazine
frameworks (CTFs) are porous organic polymers connected by triazine bonds. They have the
characteristics of large specific surface area, rich pore structure, adjustable functionality, good
chemical stability and thermal stability, making them widely used in sample pretreatment. In this

study, a magnetic fluorinated covalent triazine framework material (Fe,0,/CTF-F) was prepared by
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a one-pot method and characterized in detail. The X-ray photoelectron spectra (XPS), Fourier-
transform infrared (FT-IR) spectrum, and X-ray diffraction (XRD) pattern demonstrated the
successful synthesis of Fe,0,/CTF-F with a high fluorine content (17.50%) , which was formed
through tetrafluoroterephthalonitrile polymerization and hydrated ferric chloride decomposition. The
highly fluorinated material can provide a specific and strong affinity for PFCs through fluorous-
fluorous (F-F) interactions. The experimental results of nitrogen adsorption-desorption and magnetic
properties showed that the Fe,O,/CTF-F has a high specific surface area (1452.3 m’/g) and porosity
(0.82 cm’/g), as well as a strong magnetic responsivity (7.1 emuw/g). It indicates that the Fe,O,/CTF-
F possesses a large number of accessible adsorption sites and a rapid magnetic separation capability,
providing a guarantee for efficient extraction of PFCs. Subsequently, the Fe,O,/CTF-F was used as
an adsorbent for MSPE technology for the efficient extraction of seven PFCs. Because of its many
accessible adsorption sites and strong fluorine-fluorine interactions, the Fe,O,/CTF-F showed ex-
cellent extraction ability for PFCs. Finally, by combining the MSPE method with HPLC-MS/MS
technology, a new analytical method was established for the analysis of PFCs in soft drinks. To
achieve the best performance, single-factor experiments were conducted to optimize the dosage of
the adsorbent, the extraction time, the elution solvent and elution time in the MSPE process. Under
the optimal conditions, the established analytical method has the advantages of wide linear ranges
(0.008-250.0 pg/mL), high linear correlations (R>0.9992), low LODs (0.002—0.005 pg/mL), and good
repeatability (RSDs<8.2%, n=5). The established analytical method was then used to analyze five
kinds of soft drink samples, and ultra-trace amounts of PFCs were detected in all samples, with
contents ranging from 3.5 to 54.6 pg/mL. Among them, the highest content of perfluorooctanoic acid
(PFOA) measured was 54.6 pg/mL, and its content did not exceed the limit stipulated in the national
standard GB 5749-2022 (80 pg/mL). Besides, the established analytical method was also compared
comprehensively with other reported methods. The established method only requires a small amount
of adsorbent (5.0 mg), and can achieve a low detection limit (0.002 pg/mL) after a short pre-
treatment time (20 min). The comparison results indicate that the established method has the
advantages of being rapid, sensitive, and accurate, and can be used for the monitoring of PFCs
in soft drinks. Meanwhile, the preparation method of the Fe,O,/CTF-F in this study is very simple
and convenient, which is conducive to the transformation and application of this method. In
conclusion, the Fe,O,/CTF-F is a highly potential adsorbent for the efficient extraction of PFCs, and
the established analytical method is also suitable for the high-sensitivity detection of PFCs in soft
drinks.

Keywords: covalent triazine framework (CTF) ; perfluorinated compounds (PFCs) ; magnetic
solid-phase extraction (MSPE) ; high performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS/MS)
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Table 1 Ion pairs, collision energies and tube lens voltages of the seven perfluorinated compounds (PFCs)

Compound

Ton pair (m/z)

Collision energy/eV Tube lens voltage/V

Perfluorobutyric acid (PFBA)
Perfluoropentanoic acid (PFPeA)
Perfluorohexanoic acid (PFHxA)

Perfluoroheptanoic acid (PFHpA) 362.9/318.8"
Perfluorooctanoic acid (PFOA) 412.9/368.9"
Perfluorononanoic acid (PFNA) 462.9/419.0"
Perfluorodecanoic acid (PFDA) 512.9/468.8"

212.9/167.0"
262.9/218.9"
312.9/268.9"

12 68
11 65
11 70
11 72
13 72
13 75
13 78

* Quantitative ion.
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Fig.1 (a) XPS spectrum of Fe,0,/CTF-F, (b) high-resolution XPS spectra of Fe (2p) and (c¢) C(1s), and (d) FT-IR spec-

trum of Fe,0,/CTF-F
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Table 2 Linear ranges, correlation coefficients (R) , lim-

its of detection (LODs) and precisions of the de-
veloped method

Com- Linear range/ LOD/ RSDs/% (n=5)
pound  (pg/mL) (pg/mL)  Intra-day

PFBA  0.010-250.0 0.9992 0.004 6.1, 5.1, 8.2 6.6, 6.8, 7.6
PFPeA 0.020-250.0 0.9996 0.005 3.8,7.3,6.25.5,54, 6.8
PFHxA 0.010-250.0 0.9996 0.004 5.2,7.4,483.4,54,73
PFHpA 0.020-250.0 0.9992 0.005 4.5,5.6, 6.8 6.6, 5.8, 6.9
PFOA  0.008-250.0 0.9996 0.002 6.8,4.2,6.25.5, 64, 6.8
PFNA  0.010-250.0 0.9993 0.004 5.8,4.6,6.7 42,5.4, 6.6
PFDA  0.008-250.0 0.9998 0.002 4.7,2.8,52 44,6.4,7.0

Inter-day

Intra-day and inter-day RSDs were obtained from left to
right at spiked levels of 0.01, 1.0 and 100.0 pg/mL, respectively.

Yoy, s o RS R IR AR AE I RT RE S X
P R AR R P AR S 2 A T
B R AR TR IR 4EA R C LB AR AR T
EHLHE T (Na, K'H ca>) M E 7 (Cl, CO»
A H,PO, ) 78 A [) e 5 R % 05 32 [l 0ie =& B4 52 g ( D
#3) . VEAb X LY B S B TR AE T LD 2k ]
I % (250.0 pg/mL PFCs) A9 #H XF i 22 A i 10%
VE b e i 52 BRREE B Sk G S 25 5% ) T 9 T 4R 4 B
RAFHE . L2451 ,Fe,0,/CTF-F 5 PFCs
Z )= F-F A B AE B AR S 080k, sets
AR - b KB 5L T AFAE B 28T R
#3 PFCsEBMMZRE

Table 3 Tolerance limits of PFCs extraction

Interferents Tolerance limit/( mmol/L)
Sucrose 100.0
Glucose 50.0
Na’, K*, CI', Ca™ 20.0
Co,”, H,PO, 10.0
Citric acid 5.0
Vitamin C, L-cysteine 1.0
Bovine serum albumin 0.5

25 5HMAEMILER

N T2 EE A PE AN T ST 4 BT v 1
MK IS CRGE Y T AT T A . ik
4 iR AR DT AT A R W BRI (5.0 mg) L £ 0t 8
St 15F 8] %) 997 4k R (20 min) il BE 2K 15 5 A% 19 K 8 BR
(0.002 pg/mL) . X A e J& [ & Fe,O,/CTF-F #& it
TR AT fik W BE A A5, 5 PFCs Z IR &4 T 8 F-
F A G AR, JF90A P w5 0 RE 1 o L 4h
AL B 57  MSPE-HPLC-MS/MS J7 i B A Hh
BB RS 0 OR AS REAE HT T A IORL T PRCs TG

e M o e Ak ASBIE T I B 580 0 A A T AR R
] B B A A T2 2 AL T

F4 AFHiEE5HMEREHPLC-MS/MS 75 & M b &
Table 4 Comparison of the developed method with other
reported HPLC-MS/MS methods

Adsorbent T popy
MSPE adsorbent ment time/ Ref.
dosage/mg . (pg/mL)
Fe,0,-PLS 50.0 16" 0.001-0.620 [11]
Fe,0,@EB-iCOFs
M-Ny6 10.0 65 1.200 [12]
Fe,0,@C 44.0 46" 0.030-0.090 [13]
M-FPCs 8.0 35 0.020-0.160 [14]
Fe,0,@EB-iCOFs 20.0 15" 0.100-0.800 [15]
MFCA 30.0 27 0.010-0.036 [16]
Fe,0,@TpPa-F, 20.0 30" 0.005-0.050 [4]
CTF/Fe,0, 50.0 21" 0.620-1.390 [17]
(CTF)/Fe,0,
Fe,0,/CTF-F 5.0 20 0.002-0.005  this

work

* Need to be dried under nitrogen gas. Fe,0,-PLS: magnetic
polystyrene pyrrolidone; M-Ny6: magnetic nylon 6 nanocompos-
ite; Fe,0,@C: magnetic carbon nanotube composite nano-
spheres; M-FPCs: magnetic and fluorinated porous carbons;
Fe,0,@EB-iCOFs: magnetic ionic covalent organic framework;
MFCA: magnetic fluorinated carbon nanotubes adsorbent;
Fe,0,@TpPa-F,: fluorinated magnetic covalent organic frame-
WwWorks; CTF/FeZO3: magnetic covalent triazine-based framework
composites.

2.6 ELEEERDH

T PEMY B 8 57 MSPE-HPLC-MS/MS 5 #: %
SCBREE G R 7 Bl PFCs MR I BE 7, SE8 0 T 5
FAR DO 469 SR K R ROK LR ORI
Yok, B S AR OB i i i R

T 1000 7

Intensity/a.u.
o

t/min

B 5 FERRE MR EmeR e m e el E
Fig. 5 Chromatograms of a tea drinking sample and its
spiked samples
a. tea drinking sample; b. spiked at 1.0 pg/mL; c. spiked at
20.0 pg/mL; d. spiked at 100.0 pg/mL.
Peak identifications: 1. PFBA; 2. PFPeA; 3. PFHxA; 4.
PFHpA; 5. PFOA; 6. PFNA; 7. PFDA.



5 4 3 SR OCHE, S RETE SR AL S O = R SRR TR AR e AL S - 391 -

Wk 5 Fron, A R BRI T PRCs, & &30
Bl 24 3.5~54.6 pg/mL. F b I 15 (1) 4 5 ¢ R
(PFOA) 5 i & & N 54.6 pg/mL, H & # i FH % b
#E GB 5749-2022 Ay FR 7 (80 pg/mL) . [AlEF, itk —
A 2 B 07 T 0ORS  E RUE R B, 43 il FE AR (1.0

pg/mL) . H1(20.0 pg/mL) .5 (100.0 pg/mL)3 4~ 7K
AT TS BRAE AR R A5 2 A AR [l
81.9%~110.5%, RSD ¥k F 10%(n=5), 34 455
VLY, B g ST 0 0 BT O iR B A R AORE 9 R RN A
BE A T ERR 7 Bl PFCs 4 7 23 S50

&5 THHPFCsHIMEREYYEKIEE E (n=5)
Table 5 Recoveries and RSDs of the seven PFCs (n=5)

Recoveries (RSDs)/%

Sample Compound Found/(pg/mL)
1.0 pg/mL 20.0 pg/mL 100.0 pg/mL
Mineral Water PFBA N.D. 85.8 (2.3) 97.1(5.2) 93.6 (3.7)
PFPeA 22.7 100.6 (5.3) 96.5 (4.3) 81.9 (1.8)
PFHxA N.D. 96.5 (5.1) 98.6 (7.1) 105.6 (4.1)
PFHpA N.D. 82.6 (7.2) 98.2 (5.1) 94.6 (4.2)
PFOA 54.6 96.5 (4.8) 106.9 (6.2) 93.1 (9.8)
PFNA 20.5 89.6 (5.2) 99.5 (6.3) 96.9 (8.5)
PFDA 16.7 101.5 (5.1) 95.6 (4.5) 86.6 (4.9)
Juice PFBA N.D. 101.2 (4.5) 89.4 (6.5) 95.5(2.5)
PFPeA N.D. 92.3(3.9) 96.3 (1.8) 97.8 (5.2)
PFHxA 48.1 91.4 (2.6) 105.7 (9.8) 101.6 (7.1)
PFHpA 3.5 83.6 (8.1) 99.8 (7.2) 87.6 (5.1)
PFOA 27.5 86.2 (8.2) 105.9 (7.3) 101.6 (4.2)
PFNA 14.5 103.5 (8.4) 108.6 (7.1) 100.6 (4.8)
PFDA 3.6 108.9 (7.5) 94.7 (4.9) 93.6 (6.3)
Sodas PFBA N.D. 110.5 (2.5) 98.5 (6.4) 96.4 (3.1)
PFPeA 8.9 87.5 (5.8) 91.6 (6.1) 94.3 (8.1)
PFHxA 15.2 101.3 (6.5) 99.5 (4.2) 102.3 (3.3)
PFHpA 15.6 96.1 (2.1) 91.6 (3.8) 97.1 (7.2)
PFOA 26.8 99.4 (7.5) 87.1 (8.6) 86.9 (4.1)
PFNA 23.4 101.6 (6.2) 106.3 (6.3) 98.1(7.1)
PFDA 13.8 89.6 (7.1) 101.7 (8.5) 102.5 (6.2)
Energy drinking PFBA 31.8 86.5(7.5) 96.6 (3.5) 83.1(2.3)
PFPeA 5.6 98.3 (3.1) 97.1 (4.2) 105.2 (5.1)
PFHxA 16.3 87.4 (4.7) 95.3 (5.2) 97.3(7.2)
PFHpA 20.5 101.3 (7.4) 96.5 (6.7) 86.3 (5.2)
PFOA 9.5 105.2 (7.3) 103.7 (8.2) 100.3 (6.7)
PFNA 42.6 108.1 (6.4) 104.2 (5.7) 96.8 (1.2)
PFDA 43.4 104.2 (3.2) 95.3(1.5) 98.4 (3.9)
Tea drinking PFBA 45.8 99.6 (5.1) 98.5 (6.3) 105.9 (4.6)
PFPeA 8.5 84.8 (4.3) 96.3 (2.8) 98.1 (5.1)
PFHxA 21.5 101.5 (6.3) 103.5(7.2) 99.6 (5.5)
PFHpA N.D. 97.1(7.2) 98.5 (4.1) 83.6 (4.3)
PFOA 18.8 89.3 (3.1) 86.3 (2.3) 98.1(5.4)
PFNA N.D. 101.6 (4.6) 94.5(3.9) 93.8 (5.1)
PFDA 43.7 98.5 (8.5) 91.1 (4.3) 87.4 (4.9)

N.D.: not detected.
3 &ig

TEA S rp 8 i — B vk L ) o 7 — b R TR
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