2023 4 6 H & % Vol.41 No.6
June 2023 Chinese Journal of Chromatography 472 ~481

504 L DOI: 10.3724/SP.J.1123.2022.11013

WE . 25 AY (PFCs) — IR BE R A MV Y, SRS RGO A 1 o T R i, — M R e Ak 4k
PFCs & BARME, = R AL IO RL 4 i) 28 RN H — BRI AR SR M 5 A . O T R0 42K T i) PFCs, A B 52 3
WA i A SRR R BRE S AT HLE A (COF) MRE, T 5EM 1,4- —ESE-2, 5-— OIR LR ) 1,3, 5-
= (4-FOREL) R LI 38 AT PR RN AR AR S T A B R AR I ST BRTE 207k COF(Vinyl COF) #1}; #8%
Jii DL 4-Z R B O I T RE AL A i A S L S RN S AT RE AN B |, A B BRI T 07 B M T e Ak Bk
J¥ COF ##L(COF-NH, ) , ZMELEA £ 5 125, felE 5 PFCs ket [ YL LRI & A 2 B S L1
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Abstract ; Perfluorinated compounds ( PFCs) are widely used in textiles, fire protection, metal

electroplating, and semiconductor production owing to their hydrophobic and oil-repellent char-
acteristics. However, they are also persistent organic pollutants. The uncontrolled discharge of
PFCs into the environment has led to serious global pollution. PFCs pose severe reproductive,
neural, immune, and other threats to human health by accumulating through the food chain.
Thus, the development and application of high-performance extraction materials has become a
research hotspot in efforts to achieve the accurate detection of trace PFCs in environmental wa-
ters. Most traditional PFC adsorbents present a number of disadvantages, such as low adsorp-
tion selectivity, slow diffusion, and poor reusability. Covalent organic frameworks ( COFs) are
crystalline polymers with ordered porous structures, large specific surface areas, and high
chemical and thermal stability. These frameworks can easily be functionalized for the desired
purpose. In this paper, spherical amino-functionalized COFs ( denoted COF-NH, ) were
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fabricated via a two-step method to effectively enrich/remove PFCs from water. First, vinyl co-
valent organic framework (Vinyl COF') was synthesized at room temperature using 1,4-diradi-
cal-2,5-divinylbenzene (Dva) and 1,3,5-tris(4-aminophenyl ) benzene ( Tab) as building blocks.
Then, thioether-bridged aromatic amine-functionalized spherical COF-NH, was synthesized
through a thiol-alkenyl click reaction using 4-aminothiophenol as the functional monomer. COF-
NH, showed good dispersion in water owing to its abundant amino groups, forming multiple hy-
drogen bonds with the F atoms of PFCs. The synergistic hydrophobic interactions between the
organic skeleton of the COF and alkyl carbon chains of the PFCs led to enhanced adsorption ef-
ficiency. The produced Vinyl COF and COF-NH, were characterized by Fourier transform infra-
red spectroscopy (FT-IR), field-emission scanning electron microscopy ( SEM) , powder X-ray
diffraction ( PXRD), thermogravimetric analysis ( TGA), and Brunner-Emmet-Teller ( BET)
measurements. The results confirmed that spherical COF-NH, materials with a homogeneous
size distribution were successfully fabricated. The obtained COF-NH, microspheres had a diam-
eter of approximately 500 nm and exhibited high thermal stability as well as a large specific sur-
face area and pore volume. The adsorption kinetics, isotherm adsorption models, pH effects,
and regeneration properties of COF-NH, were also investigated, and the results indicated that
the adsorption of PFCs by COF-NH, conformed to the pseudo-second-order kinetic and Lang-
muir isotherm adsorption models. The obtained COF-NH, microspheres can be applied over a
wide pH range, and the best adsorption effect was achieved in neutral and alkaline environ-
ments. After five cycles of regeneration and reuse, the COF-NH, microspheres retained their
good adsorption efficiency for PFCs. The adsorption mechanism was mainly attributed to the
synergistic effect of hydrogen bonding and hydrophobic interactions between COF-NH, and the
PFCs. The extraction efficiencies of the microspheres toward five PFCs ( perfluorobutyric acid,
perfluorovaleric acid, perfluorohexanoic acid, perfluorooctanoic acid, and perfluorononanoic
acid) in tap and Pearl River water samples were between 91.76% and 98. 59%, with relative
standard deviations (RSDs) (n=3) varying from 0. 82% to 3. 8% these findings indicate that
the obtained COF-NH, is promising for the extraction of PFCs from complex water samples.
Given their uniform size distribution, high thermal stability, good adsorption performance, and
reusability, the novel spherical COF-NH, materials developed in this study may be used as sol-
id-phase extraction materials or filled into liquid chromatographic columns for the enrichment,
separation, and detection of PFCs in complex samples.

Key words: covalent organic frameworks ( COFs) ; click reactions; perfluorinated compounds
(PFCs)
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— I EE KA PFCs & S ARME, 8 5 75 25k
AT & SRR ARG HE TR, [ AH 25 B ( SPE) J&
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Fig. 1 Synthetic route of vinyl covalent organic framework ( Vinyl COF)

1.2.2 COF-NH, & %

2% Ji 4500 W AE LA Sk COF i |42
RO R A, A R RS BE P A 4 4 1Y 20 3
COF(50 mg) . 4-% F& K i ) (250 mg) . AIBN (5
mg) FI =H K 4 mL, N, &4 F 90 THF 6 h,
TEWR S 2R 5, DY Sk IE ve A Tk, BT 60 C
HERE B TR B4R B 7). COF-NH, &
B AL 2 FR
1.3 HPLC-MS/MS %14

HPLC 4 ¥ Waters Atlantis dC18 & 3% 41
(150 mmx2. 1 mm, 5.0 pm), ¥ 0. 3 mL/min,

PEREARAL 10 wL, Ji s A 4 20 mmol/L Z R % 7K
VS, T sAH B R I, BREEVENLAR )T .0~ 1 min,
WENA A} 60% 3 1~25 min, JiEAH A B 60% [ %=
10% , {457 7 min; 32. 1 min W}, FEhAH A T+ &
60% , JF154F 4. 9 min, 37 min N5 E R

g A& B (ESD) , il ARG B
YA L 30 KV #EFLHLE 55.0 Vi ZKERHL K 3.0 Vg
BERHE 1.5 V HEFLA R 50 L/h; A0Sk
800 L/h; B F IR IR EE 120 C ; AL IREE 350 °C ; Al
TEREE 10 eV Z2 KO W I ( MRM) A58 X5 A i %
e e
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Fig. 2 Synthetic route of amino-functionalized COF ( COF-NH, )
AIBN': 2,2'-azobis( 2-methylpropionitrile ) .

®1 BiRLEWEH MRM S
Table 1 MRM parameters of the target compounds

Parent Fragment Collision Cone
Analyte | .
ion (m/z) ion (m/z) energy/eV  voltage/V

PFBA 213.0 169.0 14 10
PFPeA 262.0 219.0 14 10
PFHxA 363.0 318.8 14 10
PFOA 413.0 368.8 14 10
PFNA 463.0 419.0 163 10

PFBA. perfluorobutyric acid; PFPeA. perfluorovaleric
acid; PFHxA: perfluorohexanoic acid; PFOA: perfluo-
rooctanoic acid; PFNA . perfluorononanoic acid.

1.4 WA RO IR Bt 4 B
141 R Mz hF L

FREL 5 mg COF-NH, F 5 mL &4, 7645
FA 5 mL 100 mg/L 4 PFOA V¥ , % iR %W
Fff— Bt TR (0~8 h) , 23 3I7E 0.1.5.15 .30 .60 ,120 .
240,360,480 min B [A] s5H F 35 0.5 mL, H 0. 22
wm BFLIE B 38 5 L HPLC-MS/MS 32t & 9%

PFOA /5% /8 vk e, M50 (1) 318 COF-NH, 7
ASTR] ] S PROA 1) W Ff
(C-C)v
Q=" (1)
m

X, Q,(mg/g) AAFIa] ¢ B (WL FfH i, C;(mg/L) Ky
WG TR W, C,(mg/L) g t WA R E v N
W FHARAARFA (L) , m i COF-NH, fJJFift(g) .
142 FHRBHEE

D FH Sy i 39 o 45 0 2k B2 oA 1. 000 mg/ L 1Y

PFOA HRifEGE 5T, IF7E 4 C N ROBAEAE, R
FHE B /K0 SR, 4535 100,125 150,175 & 200
mg/L FIARAER I
A3 SIFREL 2 mg COF-NH, T— %% 2 mL &.0
B AN 2 mL A [R] & R ) PFOA #5
WEVET, EIRAR G WM 6 h, LSBT 0.22 pm 1%
FLUE IR i u& , LA HPLC-MS/MS il i J& #& * PFOA
(5% A e B, MR L (2) 118 COF-NH, %t PFOA
(1A F AT o
(Ci-Cv
Qo= (2)

m

Krh, Q. (mg/g) M5, C, (mg/L) J £
BB v W AR R (L) .
1.4.3 & pH th# ®

3R E 2 mL pH=4 .6.7.8.10 1Y 100 mg/L
PFOA ¥l T2 04, #8000 2 mg COF-NH,, T
25 ClEER 6 h J5, FIEWH 0. 22 wm fFLIE MR
i1ug, UL HPLC-MS/MS M JE % 1 PFOA 1) %5% i
1.4.4 1 [E A 2% PFCs % ff 5 3

T4 A SR 00, 43 000 T A R B AR vk BE
1000 mg/L f#) PFBA PFPeA PFHXA PFOA PFNA
B —FRIEAG AR . SR)E 43 I PBS 28 M (0.01
mol/L, pH 7) i #&, Bl th 10 mg/L A9 PFBA
PFPeA PFHxA PFOA Fl PFNA Fi—FrUETR . 17]
1 mL Fi& 5 F PFCs AR UER W 430 A 1.0 mg
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COF-NH,, 25 C F#&¥% 6 h, ik 2 W FFF-1r, we B
SERUT B IS 0.22 wm S VB B 5 8 S DA
HPLC-MS/MS i v 4 A 42 58016 & ) 1 5% 7
W, RIER (1) I COF Ak XA [F 4 k&
1.4.5 COF # £ 7 4 L5

Wi £ 1 B it 4 S Ak & 4 19 COF-NH, #4 %}, il
A 2 mL B HERIR A 2R A 15 min, J8)5
FHEB KRS 3,60 C FHEZTH: 6 h, %,
P S ) COF-NH, T b3 W Bk sk 7, 03 F-
Afed
1.5 SEBRMZ A

AR S0 3 IR VT K B [ oFe KR b 14547 W o e
58, Hor, BRVLK WA T M R 2= Bt i 2RV 1
(ZJ8 113°, 45 23°) ,BRVTUKAY pH o4 7. 8, HL K
818 wS/em; FISRACK AT M K238 2= K &
8, pH N 7.7, B 5% N 139 pS/cm, Fik/KEES
i1 0.22 pm KAHBERE B8 S A . 20504 1 mg
W BRI A S 1 mL KA IR T 6 h, LB
FH0.22 pm fLALUEREE 8 DL HPLC-MS/MS IR
Wi PFBA PFPeA PFHxA PFOA PFNA [V

2 HR5H®

2.1 COF # BRI

Wk SEM W23, 243 COF A raltE B
W) H A2 2 500 nm (BRI COF #1 KL (& 3a) .,
PXRD #AF 25 5 F B Z 4 B2 A R A9 3 (
4), X 2 HH COF MPELARMLIAMNERE (K 5) , 1l
PIF 75 S M dk COF #BHW A M ek b Bl i
Dva 7t 1 690 cm ™' 4 A C =0 FREI&FI Tab 76 K T
3200 cm'Ab IR N-H FRAF I E 255 %, MTE 1625
em A BT C=N FRAE I, 33 A LI BA 79 A A4
RAEGARNGE T C=N #E# K W5 COF
Rk

B 3 (a)Z4E COF #i(b) & COF iy SEM R1iEE
Fig. 3 SEM characterization of (a) Vinyl COF
and (b) COF-NH,
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4 ZJEE COF HJ PXRD
Fig. 4 Powder X-ray diffraction (PXRD) pattern of

Vinyl COF
Tab

>3200 (N-H) Dva
L
% 50%
E
5
g Vinyl COF 1690 (C=0)
= |

COF-NH, 1625 (C=N)
3375 (N-H) !
1088 (C-8)

e o S T =
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

B 5 Tab, Dva,Z /% COF &% COF ML shtitE
Fig. 5 FTIR spectra of 1,3,5-tris(4-aminophenyl ) benzene
(Tab), 1, 4-diradical-2, 5-divinylbenzene ( Dva),
Vinyl COF and COF-NH,

ARSI DL 4- 2 FOR B By Ry 2 S D) e Ak Ak E
I S - A A B R 2 B R B M 7E L B COF
L ridil 5 i COF-NH, #4 KK 88 52 B R 500§
RUFRY . HARZ 500 nm B ERIE , {H 00 b 20 5
COF )i —26 (|| 3b) , *f kb & 4% COF, £
COF-NH, M£r4Mei% (E 5) 4,3 375 em™' 4k N-H
FRIE G 50 B 45 2 T B R e, 1 FL7E 1088 em™!
AT C—S FRAF I, 33X 150 BH £ 2838 4o 53t 345 43
i SN R HE G i 245 COF I,

I N, W R- 0 R S 5 2 58 T LA B COF Al
COF-NH, Wb RmARAFLE (K 6) , 7F 77 K 444
T, PR RN N, W B 5G BE 45 I i Ze AR AL, 7EAH
X AP H DX 80P VR 38 i 2 T 78 N, R - ot
BRI R 2R R AR AT, 10 B A R AT AL 5 TR B, 7R B
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Fig. 6 N, adsorption-desorption isotherms of (a) Vinyl
COF and (b) COF-NH,

AP T — /N, X ORIV AN, )
A - 58 o 25 30 2R PR AE , LI R FE N L, 0
%& COF 1 COF-NH, RIS AR T AV ALY
G54, Ul BT AR BB AL S AL A L, &M S
COF i) BET b 1H FU0 224.5 m*/g, LA M 0. 11
cem’/g(p/p,=0.90) (K 6a) ; COF-NH, ¥ BET [t
FMEFH 213.4 m*/g, fLEHR 0. 10 em’/g(p/p, =
0.90) (& 6b)

it E R (TGA) % 48 COF M KBy A2 1
(E7), N, BT, 7E 450 C Z /i &% COF (1)

100 1

) — COF-NH,
g -~~~ Vinyl COF
90 +

80

Weight / %

70

] ——
0 200 400 600 800
Temperature / C

E 7 Z%% COF k&% COF iy TGA RIEE
Fig. 7 Thermogravimetric analysis (TGA) characterization
diagrams of Vinyl COF and COF-NH,

RENT. 1% , X2 H AL E S KT AL
N FRHER SRR E, HEEML A E
479.5 CTH}, ZHHE COF Wk El 10%, SiREFE I
T+ 800 THY, Z M3 COF {U kT 31. 3%, 455R%
B, 2473 COF AR A RAF R et R T
FLERAGH T B IR

TE [AIRE 4 1F F % COF-NH, #t47T TGA 44,
N, A, 253 CZHij COF-NH, WK R 5%,
AR A HLE 2R AL B 2R KT A
BN F R HEH B R AR E, YRSk S: LT =
800 C, COF-NH, A9k 81k 2 39. 8%, ix ] iy 2k
FEA[REE T NH, ‘B e i #4# | L K64 COF
BRI, TGA 45R3EW], £4i5L COF 1 COF-
NH, HA B RF e v, vl b T 52 PR R BEAE & 1Y
W B A
2.2 WRHEREEE
221 R A F

W -7 1) 2 P 0 A RS 550 82 o2 e ) e
fEZ—. Lk PFOA Ay 15|75 ¢ 1 W BRI 8] X W B 25
R (K 8), T COF AFHAGHFLILL
Ko i bR T AR B E A i H COF-NH, R i B A
RALEREHA, netgm i A R AE R 5 PFOA 45
4 ,COF-NH, X}F PFOA W AT LL7E 6 h k%]
S I EL BRI 100% (1 8a) . A T ARHIE
PFOA 1958 4 W I, 76 bifi J& 19 SE 55, o COF-NH,
X PFOA ()W [ s [H] 42 1 7 6 h,

I E G B Bl 127 )5 (3 ) 43 B COF-NH,

X} PFOA 193l 127 B £ i -
t t 1
Q0 e <)

HE G B 3l 12 A i 2 AP 8b R, Hirp — 4
BBk, 9 0.0229 g/(mg - h), X F 100
mg/L ) PFOA ¥ W, Z M BT W I i Q, 4
102. 04 mg/g, 545 AT A R EU(R)
4 0.987 6, RUIZM BTG 1 9080 I 2= W B, 4
T L o6 U 3 T COF-NH, AR & 5
PFOA 43F 1 F FI¥R 3k 2 [] i S0 A2 f LA, LA
KAEVEZS PFOA i 2 (B (s KB, fh2%
W B TR o6 e R v i s IR TR R , SO T o 221
W B it AR B Bl 7 2 i 2R 2 B ERSR L T By
BES5 2208 LTI B, Bk B0 B (151 8a)
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Fig. 8 Adsorption and fitting curves of PFOA
on COF-NH,

a. Effect of adsorption time on the adsorption efficiency; b.
Pseudo-second-order kinetics fitting curve; c. Langmuir iso-
thermal fitting curve; d. Freundlich isothermal fitting curve.
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Fig. 9 Schematic diagram of adsorption mechanism
of COF-NH,
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Fig. 10 Effect of pH on the adsorption of PFOA
on COF-NH,

2.2.5 A [ AR % PFCs 0y % 27

16 pH=7 W 51~ % %¢ COF-NH, *f 5 ff PF-
Cs(PFBA , PFPeA  PFHxA . PFOA #1 PFNA) 4 1%
FMACR . 7E 2 mL B0 P HRIKINA 1.0 mg COF-
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NA,SRJEH 1 mg MR 4% A B KR, Bk 5 et 6
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Table 2 Adsorption effects of COF-NH, for PFCs

in real samples %

Tap water Pearl River water

Analyte Adsorption RSD Adsorption RSD
efficiency (n=3) efficiency (n=3)

PFBA 98.59 1.1 98.32 1.3

PFPeA 97.26 3.5 91.76 2.6

PFHxA 94.31 2.4 93.52 3.8
PFOA 98.19 0.82 97.95 0.94

PFNA 95.82 2.1 92.64 3.2
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