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Abstract . Pesticides are widely used in agriculture to increase grain yields and prevent crop

diseases and insect pests. However, pesticides pose a serious threat to ecosystems and human
health owing to their high toxicity and persistence. Therefore, it is imperative to establish an ef-
ficient and sensitive detection method for pesticides in water samples. Rapid and accurate de-
tection of trace pesticides in environmental water samples has been a challenge because of
complex matrix effects and trace concentrations. Appropriate sample pretreatment is a critical
step for the effective extraction of analytes and removal of interferences, and the development
and design of novel and stable nanomaterial adsorbents is key to continuous innovation in sam-
ple pretreatment technology. In recent years, carboxylated multiwalled carbon nanotubes
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(MWCNTs-COOH) and layered double hydroxide (LDHs) have been widely used as new adsor-
bent materials for various pretreatment technologies because of their large specific surface
area, good stability, and easy functionalization. Based on this background, MWCNTs-COOH
and LDHs were combined to obtain a new efficient composite adsorbent, so that the synergistic
effect of the individual components could be exploited in entirety. In this study, a zeolitic metal
organic framework ZIF-67/multiwalled carbon nanotube ( ZIF-67/MWCNTs) composite was
prepared by a simple one-step method, and a cobalt-nickel double metal hydroxide/multiwalled
carbon nanotube ( CoNi-LDH/MWCNTs) hybrid material with a three-dimensional cage-like
structure was synthesized by a solvothermal method using ZIF-67/MWCNTs as templates. The
cage-like structure of the CoNi-LDH/MWCNTs composite, which is different from the tradition-
al layered bimetallic hydroxide, could accelerate mass transfer. Given the excellent properties
of the CoNi-LDH/MWCNTSs composite, it was used as a solid-phase microextraction ( SPME)
coating for the efficient enrichment of six pesticides ( chlorothalonil, tebuconazole, chlorpyri-
fos, butralin, deltamethrin, and pyridaben) and combined with high performance liquid chro-
matography-ultraviolet (HPLC-UV) detection for the determination of the six pesticides in real
water samples. The prepared materials were characterized by scanning electron microscopy,
electron dispersion spectroscopy, infrared spectroscopy, X-ray powder diffraction, and N, ad-
sorption/desorption. The results confirmed that the CoNi-LDH/MWCNTs composite was suc-
cessfully synthesized, and that its surface area and pore volume were 281.4 m’/g and 0. 49
cm’/g, respectively. An orthogonal array design was used to optimize the extraction conditions
of SPME, including the extraction time, extraction temperature, stirring rate, salt effect, and
desorption time. The optimal extraction conditions were as follows: extraction temperature, 40
°C ; extraction time, 30 min; stirring rate, 500 r/min; desorption time, 6 min; and salt (NaCl)
mass concentration, 150 mg/L.

Under optimal conditions, the method had a wide linear range ( chlorothalonil: 0. 015-200
wg/L, tebuconazole; 0.140-200 wg/L, chlorpyrifos: 0.250-200 wg/L, butralin: 0. 077 -200
ng/L, deltamethrin; 1.445-200 pg/L, pyridaben; 0.964 - 200 png/L), low detection limit
(0.004-0. 434 ng/L) , and good reproducibility. The relative standard deviations (RSDs) of sin-
gle fiber and fiber-to-fiber were in the range of 0. 5% to 5.7% and 0. 5% to 4. 8%, respectively.
The spiked recoveries at two levels of 10. 0 wg/L and 50. 0 wg/L were in the range of 83. 9% —
108. 2%, with RSDs less than 5. 3%. Compared with other coated fibers (MWCNTs-COOH, ZIF-
67, ZIF-67/MWCNTs, and silicone sealant), the CoNi-LDH/MWCNTs-coated fibers showed a
better enrichment effect for pesticides, which was attributed to their high specific surface area
and 7-7r interactions, hydrophobic interactions, cation-7 interactions, and hydrogen bonding
interactions between the CoNi-LDH/MWCNTSs coating and the target analytes, which can en-
hance their ability to extract pesticides. The stability test on the SPME fibers revealed that after
128 cycles, the extraction efficiency of the CoNi-LDH/MWCNTSs-coated fibers for the six pesti-
cides decreased only slightly (< 10% ) , implying that the coated fibers had good stability and re-

usability. Therefore, this method can be used to detect pesticide residues in environmental
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water samples with high selectivity, sensitivity, and accuracy.

Key words: cobalt-nickel layered double hydroxide ( CoNi-LDH ) ; multi-walled carbon nano-

tubes (MWCNTSs) ; solid-phase microextraction ( SPME ) ; high performance liquid chromatog-

raphy (HPLC) ; pesticides
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Preparation of SPME fibers coated with cobalt-nickel double metal hydroxide/multiwalled carbon nanotube

( CoNi-LDH/MWCNTSs) and the adsorption mechanism of pesticides from environmental water samples
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Table 1 Basic information and chemical structures of the six pesticides

LR TR AR AR 5 SE5 K ¥4 Aquapro
HoK RGEHIR K,

6 A 2 bR i i I 1 2R 2 Bk e, 43 il
HE #YH ( chlorothalonil , Z fE 99. 8% ) WM i ( te-
buconazole , 4l [ 99. 8% ) . B 4L 1 ( chlorpyrifos , 4
i 99.5%) AT R (butralin, 25 i 99. 8%) IR .24
fig ( deltamethrin , 4l 99. 8% ) A 2 ( pyridaben,
47 99. 0%) , BN TIFEAE B XA 45 Wk 1,

Classification Chemical CAS No. M, Structure
Fungicides chlorothalonil ( 5 H#iE) 1897-45-6 265.9 /}\]
Cl
N= C1
Cl Cl
Fungicides tebuconazole ( JIMEE) 107534-96-3 307.8
N OH Cl
/R
N N N
Acaricide chlorpyrifos ( #5E4!) 2921-88-2 350.6 \ cl
o__0
> ~
N _~
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Table 1 (Continued)
Classification Chemical CAS No. M, Structure
Herbicide butralin ({#7T R) 33629-47-9 295.3 o
O=N" H;C
H;C
HiC NH  CH;
HyC
N-0"
/7
0
Insecticide deltamethrin (7R ) 52918-63-5 505.2 Br o NC
Br ; ]
}TP)M
H;C
Acaricide pyridaben ( IR ) 96489-71-3 364.9

CH
CH; N \

H30+N S sC CHj
CH; y—

0 cl CH;

1.2 tRERREH

TRAFRUERE A5 W . 20 B HERR AR 6 FhAR i)
£ 1 mg, F B C 6 10 mg/L 19 IR A A % 25
W AR E T AR - HTRB 2L KRR B AR it 25 WO R A
AN BE AR TAEMOE T 4 C T EEBIR A7 .

1.3 SRR E

3 FRSEBRIKAE ST R A B CHOR A R )
U R AR (CH R VAR ) . KEEEAE
FHET 2 ok KB A 420, Z J5 H 0. 45
pm JEE TS, IETE 4 C M EFEERR B
1.4 CoNi-LDH/MWCNTs 4% 2R % &

1.4.1 ZIF-67/MWCNTs & & # K 0y # £

ZIF-67/MWCNTs H 45 SCilik' > 438 59 7 k91
DAk 2 15 3, 15, PRI 50 mg A MWCNTSs-
COOH M543 H T 25 mL M BAIA 0.722 g
(2.48 mmol) #) Co(NO,) - 6H,0 # 7 1 h J5 AL
VSR ABF 1,629 g (19. 84 mmol ) f4 2- B BLBK Mk %5
fi% T 25 mL R B B; S8 5 K i B L
FIABT A TIFERR Tt 6 h, &5, %155
) 25, 7 ) ( ZIF-67/MWCNTSs ) FH FH s vk 3% 3 WO F:
T 60 CTHA TR,

1.4.2 CoNi-LDH/MWCNTSs & 4 # B 1y %] %

FREL 50 mg 1) ZIF-67/MWCNTs & T 20 mL J&
JKZ T I8 S 2 B 10 min, 5 75 mg 1)
Ni(NO,) - 6H,0iF T 5 mL Jo/K £ 5 I sk {3
AT, BEFIBERE 5 min [5 5 8 =mlE 2,80
CRNE 2 h, W 5¢ G 85 3O UWEE =8, Bea
FHTG/K Sl 3 Uk, 7E 60 C F A8 Tt i,
1.4.3 CoNi-LDH/MWCNTSs % 2 4 % 9 %] %
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L1 Y12 A B Sl B 2 AR R T I A LR 1Y L
— 2RI, Bl 58 il 25 4 1) SPME 21 4E7E 100 C
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1.5 SPME R 5@MEEIEEME

W41 % 1) CoNi-LDH/MWCNTSs 2F 435 A
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HHIFTE 40 C 500 r/min B 45 F T 2 B2 30 min,
R UG KL e OH I B T8 200 pL 4
IR A T A 6 min, B2J50% 20 pL MWL
A HPLC HiEf 74387, A RR AT R 2K sk 78 )
XoF U2 R TR, B A 2R BT AR K 206 oK
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fifi Jl ;2 #H C,, HPLC {7 3% 4 (150 mm x 4. 6
mm, 5 pm, % FELERRHARA D) #1772 555
Mo WBhAH Ay HHEE-7K (85 :15, v/v), i M 0.6
mL/min, 58 Z8 K 0 % 4 A 225 nm, #EEE A 20
pL, AR ERTE 25 C

2 GRS
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2.1.1 385 (SEM)
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2 (a) MWCNTs-COOH, (b) ZIF-67. ( ¢) ZIF-67/MWCNTs, ( d) CoNi-LDH/MWCNTs, ( e) ZRE 4 IR RN £

#0( f) CoNi-LDH/MWCNTSs £F4) SEM &

Fig. 2 SEM images of (a) MWCNTs-COOH, (b) ZIF-67, (c¢) ZIF-67/MWCNTs, (d) CoNi-LDH/MWCNTs,
(e) acid treated stainless-steel wire, and (f) CoNi-LDH/MWCNTs-coated fiber
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REEHE ) CoNi-LDH,, HoJ jli i 78 7T LA AT 5 18 /R
SRONE R PR 2 R R RE . 1 I R NI R AR
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Co™ , i FHIH ik /R &0, Co™ H N 1A AhiE# H 5
Ni** H: [F] 7 ZIF-67 (1) ¥ i CoNi-LDH 44K &,
Ba B = 4R ZE Y, K 2e Fil 2f R Co-
Ni-LDH/MWCNTSs #1448 341 5 Hl b H0AE A 55 X 24
IR th A AE IR 2R 2900 21. 4 pum,
2.1.2 @i (EDS) 241

%] EDS X%} ZIF-67/MWCNTSs F1 CoNi-LDH/
MWCNTSs #47 1 73 #Hr, i[5 3a F1 3b A] LIS
FIFEK 3b 1Y EDS Stk i 8L 7B 0 R Ni, i i
—HHAE T SEM 193 Hr 4, R sk A5 T
CoNi-LDH/MWCNTs & &+,
2.1.3 M E RS0 E (FT-IR)

it FT-IR #F— 25 48 T B il & 4 8  AS [R)
EREHMAE B M Az 25 i, &l 4a PR, ZIF-67

6 E ’
5 —Cj Element | wt/% _ Element | wt/%
] C 48.94 | 1 C 44.63
o 4] N 2077 5@] 0 20.05
g ] 0 3.64 Co 13.55
&) Co 26.65 || [N Ni 21.77
Total 100.00 | 7 E Total 100.00
—jLo
"I"'I"'I'I"'il,"'l"'l"'l@"
2 4 6 8 0 2 4 6 8 10
Energy / keV

& 3 (a)ZIF-67/MWCNTSs #1(b) CoNi-LDH/
MWCNTs i EDS Ji%
Fig. 3 Energy dispersive spectra of (a) ZIF-67/MWCNTs
and (b) CoNi-LDH/MWCNTs
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Fig. 4 (a) FT-IR spectra of MWCNTs-COOH, ZIF-67, ZIF-67/MWCNTs and CoNi-LDH/MWCNTs; (b) XRD spectra
of MWCNTs-COOH, ZIF-67 and ZIF-67/MWCNTs; (c) XRD spectrum of CoNi-LDH/MWCNTs; and (d) N, ad-

sorption-desorption isotherms and pore size distribution (inset) of CoNi-LDH/MWCNTs
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Fig. 5 Optimization results of orthogonal array tests
For No. 1-16, see Table 2.

£2 AEHEMKT L (4°) EXiXI-6 TRy

Table 2 Orthogonal array tests with five factors and four levels L ((4°) -six pesticides

Ttem Et/ ET/ Sr/ Dt/ p(NaCl)/ Peak areas
min T (r/min)  min (mg/L) Chlorothalonil Tebuconazole Chlorpyrifos Butralin Deltamethrin Pyridaben
1 10 20 200 4 0 41.85 5.900 7.900 24.85 8.400 12.70
2 10 30 300 6 50 113.4 35.25 23.10 49.45 5.400 24.80
3 10 40 400 8 100 145.8 64.45 40.05 89.00 18.70 31.50
4 10 50 500 10 150 104.0 20.35 16.30 38.05 16.40 12.20
5 20 20 300 8 150 143.5 54.05 19.75 42.50 8.600 19.80
6 20 30 200 10 100 85.70 71.60 30.45 61.00 5.750 18.95
7 20 40 500 4 50 141.9 57.30 49.25 109.2 8.050 40.90
8 20 50 400 6 0 87.40 29.15 29.15 57.05 3.800 42.00
9 30 20 400 10 50 101.0 28.25 32.60 71.55 5.250 27.60
10 30 30 200 8 0 126.1 28.00 107.8 190.4 21.10 138.5
11 30 40 500 6 150 317.6 159.0 116.8 256.6 52.90 70.45
12 30 50 300 4 100 128.8 57.40 75.40 163.6 26.25 52.65
13 40 20 500 6 100 250.0 123.7 72.65 140.2 44.15 58.45
14 40 30 400 4 150 217.2 122.3 86.80 97.90 39.90 41.95
15 40 40 300 10 0 100.3 39.95 47.90 82.55 10.10 51.60
16 40 50 200 8 50 132.0 51.85 69.00 152.2 15.00 112.0
I, Et 101.3 31.49 21.84 50.34 12.23 20.30
I,, 114.6 53.03 32.15 67.44 6.550 30.41
I, 168.4 68.16 83.15 170.5 26.38 72.30
1, 174.9 84.45 69.09 118.2 27.29 94.78
Iy 73.58 52.96 61.31 120.2 20.74 74.48
Iy ET 134.1 52.98 33.23 69.78 16.60 29.64
Iy 135.6 64.29 62.04 99.69 18.04 56.05
Iy 176.4 80.18 63.50 134.3 22.44 48.61
Inso 113.1 39.69 47.46 102.7 15.36 54.71
Igr 63.35 40.49 30.28 64.56 7.075 26.41
Iy Sr 96.41 39.34 53.79 107.1 12.56 70.54
Iy 121.5 46.66 41.54 84.53 12.59 37.21
Ly 137.9 61.04 47.15 78.88 16.91 35.76
Iy 203.4 90.09 63.75 136.0 30.38 45.50
I, 107.0 50.75 22.21 57.14 17.81 34.78
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Table 2 (Continued)
Item Et/ ET/ Sr/ Dt/ p(NaCl)/ Peak areas
min T (r/min)  min mg/L Chlorothalonil Tebuconazole Chlorpyrifos Butralin Deltamethrin Pyridaben

1, Dt 132.4 60.73 54.84 98.89 20.65 37.05
I, 192.1 86.78 60.43 125.8 26.56 48.93
I 136.9 49.59 59.15 118.5 15.85 75.45
I, 97.75 40.04 31.81 63.29 9.375 27.59
Iy 94.35 46.74 28.61 62.54 17.19 47.86
1, NaCl 88.91 25.75 48.19 88.71 10.85 61.20
I 122.1 43.16 43.49 95.60 8.425 51.33
I, 152.6 79.29 54.64 113.5 23.71 40.39
I 195.6 88.93 59.91 108.8 29.45 36.10
I,a 106.7 63.18 16.43 24.74 21.03 25.10

Et. extraction time; ET; extraction temperature; Sr: stirring rate; Dt. desorption time; p( NaCl) : mass concentration of NaCl.
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Table 3 Analytical parameters of the proposed method (n=5)

Analyte Linear range/ B Precisions ( RSDs/% ) Fiber-to-fiber LOD/ LOQ/
(ng/L) Intra-day Inter-day reproducibility (RSD/% ) (ng/L) (pg/L)

Chlorothalonil 0.015-200 0.9996 0.6 0.5 2.7 0.004 0.015
Tebuconazole 0.140-200 0.9997 1.7 1.9 4.3 0.042 0.140
Chlorpyrifos 0.250-200 0.9983 1.9 1.3 1.1 0.075 0.250
Butralin 0.077-200 0.9996 1.2 0.9 2.2 0.023 0.077
Deltamethrin 1.445-200 0.9991 5.6 3.4 0.5 0.434 1.445
Pyridaben 0.964-200 0.9995 5.7 1.5 4.8 0.289 0.964
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Table 4 Determination results and spiked recoveries of the six pesticides in real samples at two levels (n=3)

. Spiked at 10 pg/L Spiked at 50 ng/L
Sample source Analyte Original/ Found/ Recovery/ RSD/ Found/ Recovery/ RSD/
WL " " (he/L) " "

Upper reaches of the chlorothalonil 5.015 14.97 99.55 2.67 53.56 97.09 3.14
Minqin River tebuconazole 3.117 12.02 89.03 1.75 49.88 93.53 2.85
chlorpyrifos ND 10.12 101.2 4.28 44.53 89.06 5.25

butralin 6.425 15.46 90.35 3.28 50.33 87.81 2.08

deltamethrin ND 9.991 99.91 1.92 44.20 88.40 4.58

pyridaben 2.789 13.10 103.1 1.49 53.75 101.9 2.74

Lower reaches of the chlorothalonil 7.531 17.27 97.39 3.48 54.25 93.44 1.81
Mingin River tebuconazole 5.650 14.31 86.60 3.88 51.15 91.00 3.93
chlorpyrifos ND 9.856 98.56 1.08 51.12 102.2 4.12

butralin 8.413 18.96 105.5 4.16 53.01 89.19 2.81

deltamethrin ND 10.17 101.7 3.36 49.30 98.60 1.97

pyridaben 5.167 14.73 95.63 1.53 53.75 97.17 2.79

Dongdagou River chlorothalonil ND 9.443 94.43 2.54 51.40 102.8 3.38
tebuconazole 3.465 12.83 93.65 1.35 53.39 99.85 3.31

chlorpyrifos ND 10.82 108.2 5.05 50.95 101.9 4.94

butralin 3.032 11.65 86.18 2.79 46.85 87.64 2.42

deltamethrin ND 9.810 98.10 2.44 43.42 86.84 4.36

pyridaben 7.766 16.16 83.94 2.34 53.97 92.41 4.31

ND: not detected or lower than limits of detection.
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Fig.7 Adsorption effects of CoNi-LDH/MWCNTs-coated
fibers for pesticides (100 pg/L) after 76 and 128
cycles (n=3)

Fig. 6 Chromatograms of pesticides after extraction
with CoNi-LDH/MWCNTSs-coated fiber and
other fibers
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Table 5 Comparison of present method with other reported methods for the analysis of pesticides

Methods Sorbent Analyte type  YPe of  Extraction - Linearrange/ o oy Ref.
analytes time/min (png/L)
DSPE-HPLC-UV Zn-BTC MOFs pesticides 30 10.0-1000 0.20-1.60 [25]
SBSE-HPLC-PDA ~ MON-2COOH herbicides 40 0.10-250 0.025-0.070 [26]
HS-SPME-GC-FPD ~ G/QAS pesticides 40 1-1000 0.03-1.01 [27]
SBSE-HPLC-DAD  PAF-56p herbicides 55 0.1-200 0.037-0.089 (28]
SPME-HPLC-UV ~ CoNi-LDH/MWCNTs  pesticides 30 0.015-200 0.004-0.434 this work

DSPE: dispersive solid-phase extraction; SBSE: stir bar sorptive extraction; HS-SPME: headspace solid-phase microextraction.
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