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Solid Phase Extraction Based on Covalent Organic Framework
Hydrogel and Its Application in Pesticide Detection
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Abstract: Excessive pesticide residues in food pose a potential threat to biodiversity and human
health. Solid phase extraction (SPE) technology is widely used in the extraction of pesticides, and
the core of this method is the selection of adsorbent materials. Covalent organic frameworks (COFs)
have attracted significant attention in sample pretreatment due to their unique advantages. The struc-
ture of COFs determines the material’s adsorption performance, which plays a crucial role in improv-
ing pesticide extraction efficiency. In this study, six COFs with different structural properties
(grafting different functional groups onto the same parent material, possessing different charged
properties and conjugated structures) were prepared. To facilitate experimentation without altering
the structure of the COFs, they were formulated into COFs—sodium alginate hydrogels (CACPs). A
CACPs—dispersed solid—phase extraction (CACPs—dSPE) method was established to compare the ex-
traction effects of different CACPs for carbamate, triazole, and triazine pesticides. Scanning elec-
tron microscopy, Fourier transform infrared spectroscopy, X-ray crystal diffraction and other meth-
ods were used to characterise the morphology, structures and properties of the series of COFs as well
as the series of CACPs. The extraction effect was investigated by CACPs—dSPE combined with high
performance liquid chromatography (HPLC) or ultraviolet-visible spectrophotometry (UV-Vis). By

combining theoretical calculations to simulate the binding of COFs with the analyte, this study ex-
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plores the adsorption mechanism of different CACPs on carbamate, triazole, and triazine pesti-
cides. The results showed that the optimal adsorption performance of CACPs for different types of pes-
ticides varied, which was coordinately determined by the nature of their porous structure (specific sur-
face area, pore size) and the intrinsic structure of the loaded COFs (size of conjugated structure,
erafted groups). The CACPs prepared by COFs with large conjugated structures and grafted hydroxyl
groups were most favourable for the adsorption of three types of pesticides, with Di—=TAPB-CACPs
showing the best extraction effect, providing theoretical guidance for the selection and design of ad-
sorption materials in the process of pesticide extraction.

Key words: pesticide residue; covalent organic frameworks; COFs-alginate hydrogel; dispersive
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(Hitachi High-Tech, HZ) K-Alpha X B 226 B F BE 1% ¢ (Thermo Fisher Scientific, ZEE ); D2
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(Dt) . 2-850K-1, 3, 5-=WEE(TFP) WA LIS Y EREAR AT 2, 4, 6- =HEEERIE =
W3 (Tp) . MR e (Pa-1) ., 2, 5S-ZHIEXK L (Pa-2) . 2, 5-ZZHEAE _HR (Pa-(COOH),) . 2,
5- R FEORBETR (Pa-SOH) |« 1, 3- ZZIENMNIL MR (D) . 5 PR (C HNO,, 99%) . V5 4k
(CL,H,NO,, 99%). HKJE(C,H,NO,, 99%) I H gk TIRFIABR AR ; TEKEAEE(CaCl,) | i
BRAN . PUSNE (tetrahydrofuran, THF), HEE . F/KAEE, 1, 4-HAW., LR, N, N-HELHE
Jf% (N, N-dimethylformamide, DMF) . ¥ =H 280 g b ifg E 25 £ A5 X0 A R A w) ;&g
(C,H,CLN,0) . #HEEME(C, H, FNS) . RS (C,H,CIN,0) W E VL FR 2B ks B R A BR A7) 5 B
FEhiEE(CHLCING, 97%) . PEIHEE(CH,,CIN,, 98%) . HEH(CH,,CIN,, >95%) ) H 2 kA AL AR 2
Ao SEER KIS A Milli-Q #B4li7K (18. 2 MQ+em, 25 °C)
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Fig. 1  Synthesis process of the series of COFs
A: TpPa, TpPa-2, TpPa- (COOH) and TpPa— QOH B: TFP-Dg,, C: Dt-TAPB
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CACPs W] # 2% Yang S5V 1) J7 ik, FFi#EATEAL o ¥ 25 mg COFs(TpPa-1. TpPa-2. TpPa-
(COOH),. TpPa-SO,H. TFP-Dg,. Dt=TAPB)Zr I 1 mL 20 mg/mL &3 M2 AN W, 6 70 6L
515 Hﬁﬂwo mg JG7K CaCLIEM#T 10 mL 0. 01 mol/L SR PIMETR il 2 W AV 2 U . 1 COFs— 1Bl el
IRAHH 1 mL AW IZ TR M FE SR, #E15E4E S min TR/ B4, & B e IR A 2k
ARG, R 24 h & 1.

1.4 dSPE#ERF

A R CACPs MIAE] 10 mLAREA I (pH 6. 0), @R HIIAH 30 min 5, HWKEO
LR BRI TARRE , K ABUSH) CACPs BT 5 mLZ.08 Y, MIAO0. 5 mL A PN 15 min, YK
YRR, i 0. 22 pm RS IERY G HEATE BT .
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K HPLC HAN 3 P F BRI 2 A 24 ] N BEA 70 00 AT, oA SR F S . WiahAl . 2 iE-K(25:
75, RRLL), WE: 1 mL/min, KERE: 25°C, BHE: 7 min, KRS 220 nm; =mEZRRZG (D
WA | SRR | Dzﬂm“)ﬂl SWRZRACZ (PRI . U SR R SAMRIOGIE - TE 2, T
220 nm AR SEREE
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FaE

2 ZR5TH

2.1 ZRIICOFsHIFIR. EHMEMRTIE

2.1.1 SEMBE®%SH @id SEM X R Y COFs INTESLIITRAE, 45RME 20w, HE2%: E2A+
TpPa-1 RAEARIERS, W DA HA EEAERORIEE N (1~3 pm) B 5 IR SR 4E ;&1 2B Hp TpPa-2
HAG AR IR 2 FLE5 ), HFLBR A 0 B Ard WL FR 20 7 BEA Ld B g R Bt # s & 20k
TpPa-(COOH),H) SEM [&l, Z5REHH ZIH 1~2 pm FIREEWHRIETRIRIES; HE2DTLIEH,
TpPa—SOH 23 5] eF Atk 4544 s |8 2E 4 TFP-Dg,, 14 SEM [&],  [& v Y B AR IE RS, FHk
M, KELH pm, HEFFEEHZRYTE ™ B 2F £ D-TAPB 2 HAZZ 4 0.5 pm 1 [BBRIKZ;
o VA LTESRAE S SCRIE I, w130 COFs i & ik
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Fig. 2 SEM images of a series of COFs
A: TpPa-1, B: TpPa-2, C: TpPa-(COOH),, D: TpPa-SOH, E: TFP-Dg,, F: Di-TAPB
2.1.2 FT-IRS#H RHFT-IR X &5 COFs B A58 K B REH 347 R AE (K] 3) o TpPa—1#) FT-1R &
HEANE 3A R, Pa—1 09 N—H )& (3 199~3 374 em™ ) I Tp () C=0 @7 (1 640 em™ )45, HFHEA
PR5EATHAE; RIL—O0—HFI C=N BHMEMM A, M7E1 578 cm ' Hl 1 255 cm™ AL HMBLSRIE, 53531 %F 7
T C=CHIC—NJE, KW TpPa—1 MIGEEELAAFAL ERZE A, FE— B EW AR T & k. TpPa-2
B FT-IR Y6k & 3B 7R, 7£2 910 em™ AR — AN BAMGIE, SRIFET Pa—2 i) B LKL A v i) C—H fil
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em Qb BL T BT R AEIR B, 435X T C=C M C—N, JEBH TpPa~SOH & i . TFP-Dg,
S TP R YRS HA D, I B G AL R R REIE I, TEP-Dig ) FT-IR EE P SE R, 34 TEP
REREBOGET 1 688 o 4bHY C=0RHENESE A%, Dy, N—HHIEHIRET 3 440 om™ 13 315 e 4
RN RS A0S, (5 1625 en AL HiE, RERET C=N BLABHRAE , 4] TEP-De,
WIE S B S BT . AEDTAPB Y FT-TROEHEH, 1614 om ' AbHI—C=N WATHF SR SRS 17
T e A TR (I A DY C=O BFAE HR5 (1 670 em™) I TAPB B 1 N—H
YR (3 205~3 461 em™ ) IIH R, A, Dt-TAPB JG il i 24 3 400 em™ 4 1) T8 % J& T 7 S B ) —
OH'™, DA 45540 Di-TAPB & )& il & .
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Fig. 3 FT-IR spectra of a series of COFs

A: TpPa-1, B: TpPa-2, C: TpPa-(COOH),, D: TpPa-SO,H, E: TFP-Dg_, F: Di-TAPB

2.1.3 XRD##r #id XRD#—RAE COFs ) ikt , 45 mE 4R, E4A. B4yl A TpPa-
Ll TpPa—2 i) XRD &3, 5 SCER—20, /o5lfE4.72°, 8.28°, 27.14°F14.7°, 8.0°, 26. 6" 4ZbHBL3
ARG ST, Hesy A% R (100) . (110)F1(001)F1H . & 4C 7R TpPa-(COOH),{E 20 = 27. 38° 42k
BATETIEE , X3 T (001) FE", TpPa—SO,H i) XRD &3 (18 4D ) 1£ 26 = 26. 68° b i 7% H 3 AR HE AT ST
W, X F (001)F1E"™ . TFP-Dg, i) XRD & i (I 4E) 7£ 27. 00° 4L HBL T — AN T4 (20. 0° ~ 40.0°) ,
5 R RAEHG (001) RRSHAHPEES ™, X AT HER T TFP-Dg, W ) m—m HES 4L T2, K 4F JB/R T Di-
TAPB ) XRD 3% 7E 28. 30° A B 1 50,  [RIFEXTR. T (001) Fhifl
2.2 ZRIICACPsHIFER. M5 HRRIA
2.2.1 SEMEESH RN SEM EAE R CACPs TESR ALY, 455K 5 R, £5 CACPs ¥ 5
B Z LR )2AREER , [T DR 2 ARG A8 o5 26 R COFs TESRE5H , 1 COFs ik,
DifEk, WERH T R CACPs )il &, I IRIE T CACPs & 4 SR E Y35 1 1k .
2.2.2 kiR CACPs B9 N, W B — B B SE3& 7 77 K T 3E47 N, W Bk — e Bt 528, % oy i) 5 7K 6 e
CACPs ) 2 LA FPEREEATHE T, 45 R ULIE 6. #R4E TUPAC 4328, I BEMR AN K EEIZ (ACPs) F1 R %1
CACPs 1) N, WZ R - B b SFi 2 2 2 IV RS, HISXE N T HA BV JS BR, BRiE 1 ACPs fll CACPs /v FLLL K.
JZARFLBRZEH >

10 ACPs F1 R 5 CACPs M FLEE M 240, &P IR, TpPa-2 By L R MM AFLA i, 1M
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RITHR 1 T COFs FLA MBS, KIS COFs #5825 £ CACPs W] Ll — @ P2 32 i COFs (1)
L7, RETREE ACPs H BT L& B 2R 2 LA M SRt T 2 BRIz 2 . TS, #5824 COFs 1]
VIR R)FREE b 08 i g e R /K B A (ACPs) () L R T AR 5 LA . Hdh 4824 TpPa-(COOH),. TFP-Dg,
FIDt-TAPB ) CACPs FL R BT AN 2, WIS AR PR A iX 28 CACPs 1) b 2 T AR AR A H At COFs 1T 5 1%
R (F1), HMxEE ACPs LR TTHERA A
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Fig. 4 XRD patterns of a series of COFs
A: TpPa-1, B: TpPa-2, C: TpPa—(COOH )2, D: TpPa-SOH, E: TFP-Dg,, F: Di-TAPB

50]1tm

Reguius JOKV 11.0mm x100KSEUL) & 600 > il Reg

K5 F5COFs il &) CACPs i) SEM [ &
Fig. 5 SEM images of CACPs prepared by a series of COFs

A: TpPa-1, B: TpPa-2, C: TpPa—(COOH)Z, D: TpPa-SO,H, E: TFP-Dg., F: Di-TAPB




551 31 R ST I AU AL K BENS I AH AR 25K 0 f) 57 ] 151

#1  ACPsFIZEF CACPs FLEH S5

Table 1  Pore structure parameters of ACPs and series of CACPs

CACPs
Pore struct t ACP:
ofe stuclite parameters ®  TpPa-l TpPa—2 TpPa—(COOH),  TpPa-SO,H TFP-Dg,  Di-TAPB
Bet surface area(cmz/g) 13.977 89.971 312.796 16. 485 65.020 21.515 14.281
Most probable pore size(nm) 2. 967 3.932 3.926 4.173 4.169 4.177 4.174
Total pore volume(cm®/g) 0. 046 0.256 0. 794 0. 166 0. 638 0. 246 0.102
A 40 T?DO.OO4 | —~ Adsorption B 2007 T'} ; —— Adsorption c 600 T?ﬁ 0.0044, ——Adsorption
= “ —==Desorption - - 0.004 —— Desorptjon = - ——Desorption
- - T _1607E =
e <& £E
85 _ £5 1204 £ 7 400 |
‘fﬂ _ ~— —_— 8¢ 2 :
. 50 ) g < G /
B 10 20 30 B 4 2 80 B 10 20 30 I
% £ 10 Pore width/np, . ees==*" €8 =200 Pore width/nm A
S I £E 401 R - /
S i S &
T T T T T T 0 T T T T T 0 x T T T T T
0 02 04 06 08 10 02 04 06 08 1.0 0 02 04 06 08 1.0
Relative pressure/(p/p,) Relative pressure/(p/p,) Relative pressure/(p/p,)
D T:J 0.006 ’ . %dmrpl‘iﬂn E L‘:L o106 1 » ,f\)dsnrpt_inn
= 120~ 0.004 —=Desorption = - O | —=—Desorption
Iz |8 | I 4001 £ ' I
S5 go 30002 = s
i 5 0 o 5
25 4 5 10 15 20 2200 10 20 30 /
EE Pore width/nm Jy zE Pore width/nm )i
R 8, - R — 4
= N B S P R
T T T T T T T T T T T T
0 02 04 06 08 1.0 0 02 04 06 08 10
Relative pressure/(p/p,) Relative pressure/(p/p,)
200 _/‘n\n 0.003 . e A(Isnrptj(m G 30 =0 0.003 l s Adsnrptj(m
% N 160 "5’:‘ 0.002 | — Desm]:hnn % _ "E 0.00241 —— Desurphun
703 5% ="
=1 - b 2
Z2 80 0 20 30 / s 409% 10 20 30 /
g E/ 40 Pore width/nm ! % i 20 Pore width/nm )
] IR =
o 0 .
T T T T T T T T T T T T
0 02 04 06 08 1.0 0 02 04 06 08 1.0
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K16 ACPs F1 25 COF's ifill 85 #) CACPS F 20 R - M Fff £k
Fig. 6 N, adsorption—desorption isotherms of CACPs prepared by ACPs and a series of COFs
A: ACPs, B: TpPa-1, C: TpPa=2, D: TpPa—(COOH),, E: TpPa-SO.H, F: TFP-Dg,, G: Di-TAPB

2.3 CACPsX=KEHRAMEZENMRILE S KHHIERR
2.3.1 ZEBHRIEE 7R CACPs WMEFEHIRARZE . =M2RD =R R G AT . K 7A
R, X TFEIEPIRAEZE AL, ACPs X 509 R IR0 R BUSOR e %% , T RE A T L R B AR LA
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Fig. 7 Comparison of the extraction effects of CACPs on three kinds of pesticides

A: carbamate pesticides, B: triazole pesticides, C: triazine pesticides
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Fig. 8 Optimal conformations and electrostatic potential distributions of different substances
A: isoprocarb, B: hexaconazole, C: atrazine, D: TpPa-1, E: TpPa-2, F: TpPa—(COOH)Z, G: TpPa-SO,H, H: TFP-Dg.,

I: Dt=TAPB. Blue and red represent the regions of negative and positive electric potential , respectively
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Fig. 9 Lowest energy adsorption configurations of isoprocarb adsorbed on a series of COFs
A: TpPa-1, B: TpPa-2, C: TpPa-(COOH),, D: TpPa-SOH, E: TFP-Dg,, F: Di-TAPB
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