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Abstract: Pesticides are ubiquitous to human life but their residues are indispensable micropol-
lutants that threaten human health. In recent years, the global use of pesticides has increased
significantly in recent years, and their environmental profiles have become increasingly complex
as different generations of pesticides have appeared on the market. The residues of various legacy
and emerging pesticides are omnipresent in both the environment and food medias. Consequently,
developing rapid and sensitive detection technologies for analyzing multiple residues is imperative.
Sample pretreatment, particularly adsorbent selection and innovation, is indispensable in this regard.
So far, a wide range of hybrid nanomaterials have been used for the enrichment or adsorption of
pesticide residues. While traditional solid-phase-extraction-based (SPE-based) sorbents are widely
used, they lack specific interactions and are poorly selective. Normal carbon materials (e.g.,

graphene oxide and carbon nanotubes), which have large surface areas and pore volumes, have
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progressed significantly; however, they still have insufficient active adsorption sites. Notably, porous
materials, including metal-organic frameworks (MOFs), porous organic polymers (POPs) (including
covalent organic frameworks (COFs) , covalent triazine frameworks (CTFs), conjugated micro-
porous polymers (CMPs), microporous organic networks (MONs, sub-familied by CMPs, porous
aromatic frameworks (PAFs), and hyper-crosslinked polymers (HCPs) ) , nano-porous carbons
(NPCs), and zeolites display exceptional properties because they have high porosity, tunable pore
sizes, large surface areas, and diverse modification sites. In this review, strategies for the en-
hancement of adsorption performance of porous-material-based adsorbents, including materials
hybridization, monomer modification, configuration regulation, and properties adjustment are first
introduced. Furthermore, publications from 2018 to 2024 pertaining to the utilization of porous-
material-based adsorbents for diverse types of pesticides were briefly elaborated. The properties of
pesticides, the designs and performance of porous materials, and their interaction mechanisms were
discussed. A total of 14 types of pesticides are included in the discussion, namely organochlorine
pesticides (OCPs) , organophosphorus pesticides (OPPs) , pyrethroids (PYRs) , benzoylurea in-
secticides (BUs) , neonicotinoid insecticides (NEOs), phenyl-pyrazole insecticides (PPZs), phenoxy
carboxylic acid herbicides (PCAs), triazine herbicides (TRZHs) , benzimidazole fungicides (BZDs) ,
azole/triazoles fungicides, strobilurin fungicides (SFs), carbamate insecticides ( Carbs), phenyl-urea
herbicides (PUHs) , and diamide insecticides. Our summary revealed that an adsorbent was pre-
dominantly designed based on the textural properties of the target pesticide and the structural
characteristics of the hybrid material, such as its functional groups, polarity, and pore size, to
enhance adsorption performance and selectivity. MOFs and POPs are the most commonly used
pesticide adsorbents, whereas fewer NPCs have been reported in this regard. Additionally, the
applications potentials of porous-material-based adsorbents were explored. The findings revealed
that conventional pesticides, such as OPPs, have been significantly researched in the extraction
technology field. In contrast, concerns surrounding newer pesticides, including NEOs, PPZs, and
SFs, as well as some significantly detected residues (BZDs and TRZHs) , have not been fully ad-
dressed, highlighting the need for future adsorbent research that prioritizes emerging and significantly
detected pesticides.

Key words: pesticide residues; porous materials; adsorbents; pretreatment technologies; envi-

ronmental and foodstuff samples; review
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Fig.1 Generation and usage history of insecticides, herbicides and fungicides in global market

OCPs: organochlorine pesticides; OPPs: organophosphorus pesticides; Carbs: carbamates; PYRs: pyrethroids; BUs: benzoylurea
insecticides; NEOs: neonicotinoids; PPZs: phenyl-pyrazoles; PCAs: phenoxy carboxylic acids; PUHs: phenyl-urea herbicides; TR-
ZHs: triazine herbicides; BZDs: benzimidazoles; SFs: strobilurin fungicides.
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Fig. 2 Simulated structures of different types of porous materials including MOFs'*® | POPs*’!, Zeolites””', NPCs!*® ,
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MOFs: metal organic frameworks; POPs: porous organic polymers; NPCs: nano-porous carbons; HCPs: hyper crosslinked poly-
mers; CMPs: conjugated microporous polymers; COFs: covalent organic frameworks; PAFs: porous aromatic frameworks; CTFs: co-
valent triazine frameworks.
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Fig.3 Major modification strategies for porous material-

based adsorbents to improve extraction perfor-
mance
HCOF': hierarchical COF; HP-MOF': hierarchical nanoporous
MOF; MTV-MOF': multivariate MOF; MMON-SO,H and MMON-
SO,Na: magnetic MON-SO,H and magnetic MON-SO,Na.
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‘\ Pore-filling v
2 . i
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B 1 Ui0-67 FH T W B 5 H B e R W Bf 45 i A
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T E 257 J 22 AL 458 I 88 m T A e Sk A () Ze-
OH) W ¥ & . Fang %" Ui0-66-(OH), 5 2. ¥
FoOR n- &0 L B R S ERSE A L AL T B R
DVB-NVP@UiO-66-(OH), 5 & # K}, 2 45 i i
OPPs 1 $E B At T 3% /K -2% P

T 48 Zr 4b, 48 Ti Ml Zn W BF 5B 3
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(i) 5 U8 4% JE ] 42 B S v (9 3 A OPPs, i K
W B 25 & ik 3 640 mg/g (B S2) . — &R A Zn-
MOF'™""H + OPPs 14 it , 7 & 3 H 5 i (1 A e
A, OPPs 1l O il N B 1] LIAE Jy A st 1A,
HEE R R A T, Liv 5520 A
NH,-MIL-101 (Fe) A &4 W B =0 H 6k, 5 W B 25 &=
i5%) 431.13 mg/g. Du &% T —#h 4 N INU-6
() 3D COF-OH(3D: —4k) , H{ FHEH 4 F OPPs,
HAER ) BT 4R ILE AR A1) COF-300,
2.2.3 PYRs

PYRs J& —H #i KI5 F S W (log K, AN
4.53~7.00) , 3 F 2 B & AR R AR RN I A R .
B 7K R R AT i 7 R B I R A T SR, Wa AT
il % T Fe,0,@NU-1000 J] T 42 Bl PYRs. W fff #L
P 5T R W, oK AR B AR A G 0 3K 2 31 NU-
1000 F 1l , -7 M p-7 tHEAEHA B TR E NU-
1000 % fL 4 PYRs. Yu 2513 18 T — Fh W0 i 4t
4 COF %2, )z B A B & KM, b H T
PYRs 19 #& 0, JF 14 2 & & 9 & 4 B F (EFs)
(2700~13 195) . 7£ 55— 58 op "7 B K B )
TR A (4 G M ZIF-8 %t PYRs 36 9 16 S 1 &5 45 7k
e o 1z MR B A B TE 0 L AR 4 A 9 [ (1.7~300

e P
=y

v Glyphosate
i i P-O-Zrbond

1 Q%P
8488

Zr-0

8 & a Ld by
& ch Modulators

exchange ., ; .
f‘y Defect UiO-67(Zr)

B 6 HtbaE Ui0-67(Zr) 0 H B = 18 7T Ak 49 0% b i 38 156)

Fig. 6 Suggested adsorption mechanisms between defective UiO-67(Zr) and glyphosate
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nm) , FALRTRFLILAE | GRS 25 AR X 73 T i 4R K
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B AU A E R AR 2R 5 23 Ce(TD AN
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Bt B R I X PYRs (9 85 B EROR X Rl T
EATE W B K AL S A - M EAEH B sp-
FAb R EE R
2.2.4 K ¥ Bt R R K & (BUs)

PE 5 = AR A F), BUs & Hi WA~ % 7 35 58 o
PR 2 M 3% 2 B S AL G W, s KA A Y,
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B, %A R AT DL 3E 5 B-N B4 Fl - HEFL S BUs
FHEAE
2.2.5 NEOs

NEOs & ey T g5y . efil&—
FNGrF i KA A R 23 6 24 2 200~
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O H PR P USRS R R 3 ) . Xu
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XF 9 F NEOs H A ¥ i 55 i 9 28 f ik . % & 3

NEOs 5@ %t , JL A 25 K ok 2 FL A R g 5 3
F. Lu %" % T Fe,0,@COF-(NO,), ] T 2 Bt
Btk 1) NEOs, 5 KB PE R Fe,0,@COF # It ,
Fe,0,@COF-(NO,), B A 0 & iY 25 7K M F 8 4 iy g
B PE BB o G DL R S T RE Ak BRI T A I SR K P
MOF""* F1 POPs """ by g if H] T NEOs 1Y &
£ R RE A1 T Ak i 5% K R T RN K i S AL
SR HE T W B 64T . AN NEOs & & EE
(14 55 5 2% P (I g FTWE W ) A Ry 7 FL - 45 /32 AR W] LA
H5Z M B IE W 7-7 B F 42 Kk (EDA) M &
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2.2.6 PPZs

I AF Ok, PPZs i 0l J2 i AL B AR 4 E 4
AT AR K R . YR, O HGE A e 2 AL
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HA %56 FE B #% PE COFs, 4 4 Fe,0,@COF-F,
B W T PPZs 2 B2 v, 960 980T K AH B AR A o
FF/EM . Yang F1 Xia & 20001 T —Fp = g0
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Fofr 5 R O] A SR HURE (&1 7)o W AR o
SEHAEAE AL M 7 - HEBUE, S K
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TR AR o S S HAR I ) B 4 i R/
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Fig.7 Synthetics of HP-Fe-CF, and its interaction with
fipronil'?"!

Fluorine-containin
pesticides

CTAB: cetyltrimethylammonium bromide.

2.2.7 PCAs

PCAs ff h — 28 /N oy T4 & W0 GRS 43 F i i
2528 200~300) , J&:—Fp B FRIBR R, BT EE
I X AEFE T KEWh ™ . ZEXF PCAs Y W Fff
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Fig. 8 Suggested adsorption mechanisms between OH-MON and TRZHs!
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TG ML A5 AR 4 F 22 BB BT AR e A A g
G 85H) . Zhou % A T Fe,0,@ZIF-90@MIL-68
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Fig.9 Possible adsorption mechanism between Fe 0, @LS@ZIF-8 and azole fungicides
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