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ABSTRACT

The wide utilization of organophosphorus pesticides (OPPs) results in a potential threat to ecosystem
and human health. The essential extraction process in practical OPPs analysis always suffers from the
low efficiency due to the limited accessible active sites and interactions in the adsorbents. Here, we re-
port a rational design and synthesis of a novel hydroxyl-functionalized three-dimensional covalent or-
ganic framework (3D COF-OH) named JNU-6 with ordered porous structure and multiple interactions as
the adsorbent for rapid and selective dispersive solid phase extraction (DSPE) of OPPs. The 3D COF-OH
based DSPE was coupled with gas chromatography-flame thermionic detection (GC-FTD) for the deter-
mination of four selected OPPs with low limits of detection of 0.15-0.39 ng mL-!, wide linear range
of 1-1100 ng mL-!. The developed method gave good precision (relative standard deviation of 1.6-8.5%
(n = 5)) and recoveries of 86-106% for the determination of OPPs in complicated fruit and vegetable sam-
ples. This work reveals the high practical potential of functionalized 3D COFs as adsorbents for effective
extraction of trace contaminants in complicated samples.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Pesticides have shown the irreplaceability for modern agricul-
ture. The wide utilization of organophosphorus pesticides (OPPs)
results in their severe residue in the soil, water and food, increas-
ing the potential threat to ecosystem and human health [1-4]. The
high inhabitation of trace OPPs to the cholinesterase of organisms
leads to the injury of nervous leptin and respiratory system or
even death [5-7]. Therefore, many governments and regions in-
cluding China, USA, European Union (EU) and Codex Alimentarius
Commission have established stringent regulations of OPPs to en-
sure food safety [8,9]. For example, the EU limits the maximum
allowable level of 0.05 mg kg~! for parathion in grape [10]. In this
regard, advanced analytical methods are required for OPPs to en-
sure the smooth implementation of the regulations.

Selective extraction is essential for the precise determination of
OPPs residue due to the trace level of OPPs and severe interfer-
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ence of complex sample matrix [11]. However, the validated com-
mercial adsorbent of Sep-PakNH, (amino functionalized silica) for
the extraction of OPPs suffers from time-consuming and low anti-
interference [12]. Therefore, novel materials such as carbon mate-
rials [13,14], molecularly imprinted polymers [15-17], and metal-
organic frameworks [18-20] have been developed as the adsor-
bents to promote the extraction of OPPs over the past few decades.
In most of previous sorbents, hydrophobic interactions, hydrogen
bonds, and m-7 interactions were explored as driving forces for
the extraction of OPPs. Even so, an adsorbent with great stability,
high selectivity and rapid kinetics is still realistically preferred, but
remains challenging.

Covalent organic frameworks (COFs) are emerging crystalline
polymers consisting of organic monomer with strong covalent
bonds, and draw great concern owing to their remarkable appli-
cations in diverse areas [21-24]. The stable and ordered struc-
ture with large surface area endows COFs with high practical abil-
ity as adsorbents for selective and rapid interaction with the an-
alytes [25,26]. To date, two-dimensional (2D) COFs are widely ap-
plied in the extraction of contaminants [27,28]. In comparison with
2D COFs, 3D COFs can offer more complicate pores to promote
the accessibility of analytes [29,30]. Therefore, the application of
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3D COFs for selective and rapid extraction of OPPs is of great
promise.

Herein, we show rational design and synthesis of a hydroxyl-
functionalized 3D COF (3D COF-OH) named as JNU-6 as ef-
ficient adsorbent for rapid and selective extraction of trace
OPPs. Tetra (4-aminophenyl) methane (TAM) with symmetrical
tetrahedral structure and rich hydroxyl group-containing 2,6-
dihydroxynaphthalene-1,5-dicarbaldehyde (DHNDA) are chosen as
the building monomers to construct JNU-6. The obtained crys-
talline structure, large surface area and great stability of JNU-6 are
beneficial for the rapid extraction of OPPs. The rich aromatic ring
and hydroxyl group of JNU-6 further offer multiple hydrophobic
interaction, hydrogen bonding interaction, and m-7 interaction to
promote the selectivity to OPPs. The JNU-6-based dispersive solid
phase extraction (DSPE) coupled to gas chromatography with flame
thermionic detector (GC-FTD) shows promising for the determina-
tion of OPPs in real fruit and vegetable samples. This work reveals
the high potential of 3D COFs as the adsorbent for rapid and selec-
tive extraction of trace contaminants.

2. Materials and methods
2.1. Reagents

All the reagents used in the experiment were at least analyti-
cal grade. Ultrapure water was obtained from Wahaha Foods Co.,
Ltd. (Hangzhou, China). TAM and DHNDA were purchased from
Jilin Chinese Academy of Sciences-Yanshen Technology Co., Ltd.
(Jilin, China). Acetonitrile (ACN), Methanol (MeOH), tetrahydrofuran
(THF), isopropanol (IPA), o-dichlorobenzene (0-DCB), N-butyl alco-
hol (BuOH), ethyl acetate (EA), n-hexane, mesitylene, acetic acid,
1,4-dioxane, ammonium hydroxide, sodium hydroxide (NaOH), hy-
drochloric acid (HCl) were purchased from Shanghai Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). A certified reference
material MRMO0666 (apple juice) were from Meizheng Group (Bei-
jing, China). The standard solution of parathion methyl (PAM),
parathion (PA), profenofos (PFF) and phosalone (PHO) were pur-
chased from Aladdin Chemistry Co., Ltd. (Shanghai, China). The
mixed stock solution of 100 pg mL~! was prepared with acetoni-
trile and stored at —18 °C. The standard solution of 1 ng mL~! was
prepared by step-by-step dilution of the stock solution with ace-
tonitrile.

2.2. Synthesis of [NU-6

Typically, TAM (0.09 mmol, 34.2 mg) and DHNDA (0.18 mmol,
38.9 mg) were mixed with 12 M acetic acid (0.9 mL) and 1,4-
dioxane (0.1 mL) in a 35 mL pressure-proof tube (OD 26 x L
125 mm). After 15 min sonication, the mixture was degassed with
three freeze-pump-thaw cycles, and then reacted at 120 °C for
3 days. The obtained precipitate was collected by centrifugation,
washed with THF and H,O for three times, and extracted with THFE.
Finally, the red powder was dried under vacuum at 70 °C for 24 h
to give 3D COF JNU-6 with 75% yield.

2.3. Instrumentation

Powder X-ray diffractometer (PXRD) patterns were recorded on
a D2 Phaser X-ray diffractometer (Bruker AXS GmbH, Germany)
with a scanning speed of 8° min! and a step size of 0.05° in
260. Fourier transform infrared (FTIR) spectra were obtained from
[S20 FTIR spectrometer (Nicolet, USA). Thermogravimetric analy-
sis (TGA) was performed on a thermogravimetric analyzer (PTC-
10A, Rigaku, Japan) from 25 to 800 °C in flowing nitrogen at
a heating rate of 10 °C min~'. 13C solid-state nuclear magnetic
resonance (3C SNMR) spectra were recorded on AVANCE III HD
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400 MHz (Bruker, Germany). Scanning electron microscope (SEM)
images were recorded on a su1510 scanning electron microscope
(Rigaku, Japan). Transmission electron microscopy (TEM) images
were obtained on a JEM-2100 transmission electron microscope
(Rigaku, Japan). Nitrogen adsorption-desorption experiments were
performed on a nitrogen adsorption analyzer with a 77 K nitrogen
adsorption (Autosorb-IQ, Quantachrome, USA).

Identification and quantification of target analytes were
performed on a GC-2030 system with FTD detector (Shi-
madzu, Japan) and an HP-5 commercial capillary column
(30 m x 032 mm x 0.25 pm). Nitrogen was used as the car-
rier gas at the constant flow rate of 2.0 mL min~! and injection
volume was 1.0 pL. Injector temperature was 220 °C, and the
detector temperature was 290 °C. The oven temperature was
programed as follows: 60 °C held for 1 min, and then the temper-
ature was increased to 220 °C at 40 °C min~! and hold for 2 min.
Finally, the temperature was raised to 290 °C at 45 °C min~! and
maintained for 3 min.

2.4. Sample preparation

Briefly, the samples of tomato, cabbage and apple were pur-
chased from the local supermarket. The edible part of the above
samples was cut into pieces and homogenized. 2.5 g of the homog-
enized samples was ultrasonically extracted with 10 x 2 mL ACN
for 20 min. The supernatant of each extraction was collected by
centrifugation at 9000 rpm for 8 min. Finally, the obtained super-
natant was dried on termovap sample concentrator (N-EVAPTM!!1,
Organomation Associates, Jnc), and redissolved with 1.0 mL ACN as
sample solution for further use.

2.5. DSPE procedure

Typically, 1.0 mL above-obtained sample solution was diluted
with the acetic acid aqueous solution (pH 6) to 5 mL as the work-
ing solution for DSPE. Then, 8 mg JNU-6 was mixed with 5 mL
of the working solution. The mixture was shaken on HS501 digi-
tal shaker (IKA, Germany) at 180 rpm for 5 min. The JNU-6 was
collected by centrifugation at 8500 rpm for 6 min, washed with
0.25 mL ACN twice, and filtered with a 0.22 pm membrane. The
filtrate was analyzed by GC-FTD.

3. Results and discussion
3.1. Design and preparation of JNU-6

As selective enrichment of OPPs have been realized with the
introduction of hydrophobic interaction, hydrogen bonds, or m-
7 interaction in previous works [31,32], we selected TAM with
symmetrical tetrahedral structure and hydroxyl group-containing
DHNDA as the building monomers to prepare JNU-6 (Fig. 1). The
symmetrical tetrahedral structure of TAM along with the linear
planar structure of DHNDA can guide the formation of hydropho-
bic 3D structure with large 7 electron system to offer the w-m
interaction and hydrophobic interaction with OPPs. The abundant
hydroxyl groups from DHNDA further bring JNU-6 hydrogen bond-
ing interaction to promote the selectivity to OPPs.

Solvent composition, time and temperature for the reaction of
TAM and DHNDA were studied in detail to prepare crystalline
JNU-6 (Figs. S1-S4). Six different solvent systems were tested
for the preparation of JNU-6, and the result showed that 12 M
acetic acid/1,4-dioxane was beneficial for the formation of crys-
talline structure (Fig. S1) due to the appropriate solubility of the
monomers in this solvent. Subsequently, the ratio of 12 M acetic
acid/1,4-dioxane was further investigated to obtain the optimal re-
action rate for the condensation of TAM and DHNDA. The high
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Fig. 1. Schematic for the design of ]NU-6 and the process of the JNU-6 based DSPE for OPPs.

crystallinity of JNU-6 identified the preferred v/v ratio of 12 M
acetic acid/1,4-dioxane was 9:1 (Fig. S2). The PXRD patterns show
that 3 days were needed to give the amorphous polymer to the
crystalline structure is time-consuming (Fig. S3).

The crystallinity of JNU-6 was improved as temperature in-
creased (Fig. S4), indicating the indispensability of temperature
for the thermodynamic controlling condensation of TAM and
DHNDA to give crystalline COF. As a result, 120 °C was cho-
sen for the follow-up experiment because further increase of the
temperature gave no obvious promotion of the crystallinity for
JNU-6.

3.2. Characterization of [NU-6

The FTIR spectrum of JNU-6 shows a strong characteristic ab-
sorption peak at 1618 cm~! for the stretching vibration of C=N
bonds, indicating the formation of the imine linkage, while the
peak at 3600 cm~! for O-H verifies the introduction of hydroxyl
group in JNU-6 (Fig. 2a). The carbon peaks at 160 and 155 ppm
in the 3C SNMR spectra of JNU-6 further offer the complementary
evidence of imine and hydroxyl group in JNU-6 (Fig. S5).

JNU-6 gave obvious characteristic PXRD peaks at 7.63°, 15.39°,
20.80° and 22.88° (Fig. 2b), indicating its crystalline structure. To
figure out the specific structure of JNU-6, the feasible structure
was simulated with 3,5,7-fold-interpenetrated diamond net (dia-
3, 5 and 7) and the corresponding simulated PXRD patterns were
also produced. The experimental PXRD pattern showed the best
agreement with the simulated one from dia-5, indicating the struc-
ture of JNU-6 was adopted with the dia-5 (Fig. 2b and c). Fur-
ther refinement gave a more specific dia-5 structure (Rp = 4.81%,
wRp = 6.10%) with unit cell parameters of space group I[41/A,
a=b=231373 A, c = 13.6680 A, and « = 8 = y = 90° (Fig. 3
and Table S1).

The Brunauer-Emmett-Teller (BET) surface areas, pore volume
and pore size of JNU-6 were calculated to be 633.13 m2 g !,
138 cm3® g-!, and 10.5 A, respectively, based on the nitrogen
adsorption-desorption isotherm at 77 K (Figs. 2d and S6, S7). The
large BET surface area along with porous structure rendered JNU-
6 sufficient active sites and good accessibility to interact with the
analytes. SEM and TEM images show the aggregated rod-like mor-

phology of JNU-6 (Fig. 2e and f), which is also beneficial for ad-
sorption.

The stability of JNU-6, which is crucial for its application as ad-
sorbent, was further investigated by monitoring the PXRD pattern
and FTIR spectra of JNU-6 after soaking in various solutions includ-
ing ACN, THF, H,0, 0.1 M HCI and 0.1 M NaOH. The results showed
no obvious change of the crystallinity and structure of JNU-6, con-
firming the high chemical stability of JNU-6 (Figs. S8, S9). The TGA
curve further indicates the high thermal stability of JNU-6 up to
420 °C (Fig. S10). The great stability of JNU-6 ensured the availabil-
ity of JNU-6 as adsorbent for complex samples in harsh conditions.

3.3. Optimization of DSPE

The structures of four OPPs are shown in Table S2. To access
the best extraction performance for OPPs, the amount of adsorbent
(4-12 mg), extraction time (1-30 min) and solution pH (4-9) were
optimized in 40 ng mL~! OPPs. The recovery of the OPPs first in-
creased with the amount of JNU-6 up to 8 mg, then unchanged in
the range of 8-12 mg (Fig. 4a). It was found that 5 min was suffi-
cient for the extraction of the OPPs (Fig. 4b). Such fast kinetics for
JNU-6 to extract the OPPs could be attributed to the benefit of the
ordered structure with large BET area of JNU-6 for the interaction
with the OPPs. The effect of pH on the recovery shows the extrac-
tion was favorable at pH 6 (Fig. 4c). Further increase of pH over 6
led to the decrease of the recovery of OPPs due to the instability
of OPPs in alkali condition. Additionally, the investigation of elu-
ent, elution time and eluent volume demonstrated the application
of 2 x 0.25 mL ACN for 6 min was efficient for the elution of the
OPPs from JNU-6 (Fig. 4d-f).

3.4. Analytical figures of merit

The obtained optimal extraction and elution conditions were
applied for the development of a 3D COF based DSPE-GC-FTD
method to determine the four OPPs. The analytical performance of
the developed method was evaluated in OPPs spiked aqueous solu-
tion (1-1300 ng mL~1) (Fig. S11). The linear relationship between
the concentration of OPPs and the peak areas were achieved in a
wide range of 1-1100 ng mL~! (R? > 0.9966). The detection lim-
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Fig. 2. (a) FTIR spectra of TAM (red), DHNDA (blue) and JNU-6 (black). (b) Comparison of PXRD patterns for JNU-6: experimental as well as calculated from the 3-fold, 5-fold
and 7-fold interpenetrated dia nets. (c) Comparison of experimental and pawley refined PXRD patterns of JNU-6. (d) N, adsorption-desorption isotherms of [NU-6 (77 K). (e)

SEM and (f) TEM images of JNU-6.

its (LODs) (S/N = 3) and quantification limits (LOQs) (S/N = 10)
of the developed JNU-6 based DSPE-GC-FTD method for OPPs were
in the range of 0.15-0.39 ng mL~! and 0.58-1.50 ng mL~!, respec-
tively (Table 1). The relative standard deviations (RSD) of intraday
(n = 5), interday (n = 5) and batch to batch (n = 3) for the deter-
mination of 100 ng mL~! OPPs were in the ranges of 3.2%—5.7%,
4.4%—6.1% and 5.6%—7.3%, respectively. Furthermore, the retention
of the PXRD pattern of JNU-6 after 5 cycles indicates the good
reusability of JNU-6 (Figs. 5a and S12).

The comparison of the analytical performance between the
JNU-6 based DSPE-GC-FTD and other adsorbents based analytical
methods for OPPs is listed in Table S3. Our developed method
gave lower LODs for OPPs in a shorter extraction time than most
of the other adsorbent based methods, indicating the high po-
tential of JNU-6 as adsorbent for the extraction of contaminant.
Moreover, the extraction performance of recommended commer-
cial adsorbent (Sep-PakNH,) and the hydroxyl-free 3D COF (COF-
300) was also investigated. For comparison, enhancement factors
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Fig. 3. (a) Structural representation of the unit of JNU-6. (b) Top view of JNU-6. (c) Side view of JNU-6. gray C, white H, green N, pink O.

Table 1
Analytical performance for the developed JNU-6 based DSPE-GC-FID for the determination of OPPs.
Linear range(ng RSD(%)
Analytes mL-! R? LODs(ng mL~! LOQs(ng mL~!
v ) (ng ) Qs(ng ) Intraday Interday Batch-to-batch
(n=15) (n=15) (n=3)

PAM 1-1000 0.9981 0.20 0.77 4.5 5.8 7.2

PA 1-1000 0.9966 0.18 0.58 34 4.4 5.6

PFF 1-800 0.9968 0.15 0.67 3.2 4.9 6.3

PHO 3-1100 0.9997 0.39 1.50 5.7 6.1 7.3

(EFs) were determined as the ratio of the sensitivity of the ana-
lytes after extraction to that before extraction. The EFs of commer-
cial Sep-PakNH, (2-4) was much lower than that of 3D COFs. Our
hydroxyl-functionalized 3D COF JNU-6 gave much higher EF (17-
80) than hydroxyl-free COF-300 (6-16), confirming the key role of
hydroxyl for the extraction of OPPs (Fig. 5b). The excellent enrich-
ment efficiency of JNU-6 for OPPs is greatly correlated to the struc-
tural and functional features of JNU-6. The large surface area of
JNU-6 with rich porous channels allows the sufficient accessibility
of OPPs and the active interaction sites [33]. The hydrophobic OPPs
with aromatic ring can interact with JNU-6 via the hydrophobic
interaction [34] and w-m interaction [35,36]. Moreover, the hydro-
gen bond between the N, O, S of OPPs and the hydroxyl of JNU-6
dominants the selective extraction of OPPs due to the lower EFs of
hydroxyl-free COF-300 than JNU-6.

3.5. Method validation and analysis of real samples

A certified reference apple juice sample (MRM0666) was fur-
ther applied to validate the developed method. The determined
concentration of 0.090 + 0.014 mg kg~! for PFF agrees well with
the certified value (0.085 + 0.022 mg kg~!). The developed method
was also applied for the determination of OPPs in real samples
of tomato, cabbage and apple. The analytical results are listed in
Table 2. Only PA was found to be in the range of 1.33-2.14 ug kg~!
in the cabbage and tomato samples, while other OPPs were below
the LODs or LOQs in all the studied samples. The recoveries of the
OPPs in the real samples ranged from 85.6% to 106% with a preci-
sion of 1.6%—8.4% at three spike levels of 25, 50 and 100 ug kg~!
(Table 2). The representative extracted chromatograms of the OPPs
in real samples are shown in Fig. S13.
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