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“One-pot” preparation of aminated carbon nanotube-modified
magnetic nanoparticles and their application to the quantification
of phenoxyacetic acid herbicides in cereal and vegetable samples

HUANG Youfang, LIU Jun, HUANG Xiaojia "
( College of the Environment and Ecology, Xiamen University, Xiamen 361000, China)

Abstract: Phenoxyacetic acid herbicides ( PAs) are widely used to control the growth of
broad-leaf weeds in corn, tobacco, etc. The presence of PAs in plants even at low concentra-
tions (at the ng/L to png/L scale) may induce severe effects and lead to human health risks.
Hence, a sensitive and reliable method for the determination of PAs at trace levels in cereals
and vegetables is highly desired. Magnetic solid-phase extraction (MSPE) has attracted consid-
erable attention on account of its benefits such as ease of separation, less solvent consump-
tion, and good service life. In this study, aminated carbon nanotube-modified magnetic nanop-
articles (NH,-CNTs@ M) were prepared by a convenient and simple “one-pot” strategy and
employed as the adsorbent for the MSPE of PAs in crops. The fabrication procedure is very con-
venient. In detail, the aminated carbon nanotubes, Fe( Il ), Fe( Il ), and isopropanol were
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mixed in one pot with mechanical stirring and reacted for 2.0 h at 80 C. The spectroscopic
properties, morphology, and magnetic properties of the synthetic adsorbent were characterized
by Fourier Transform-infrared spectroscopy ( FT-IR), scanning electron microscopy ( SEM),
and transmission electron microscopy ( TEM ). The results revealed that the size of Fe,O,,
diameter of NH,-CNTs, and the magnetic saturation values of NH,-CNTs@ M were 30 nm, 40
nm, and 44. 2 emu/g, respectively. Additionally, the results of FT-IR and TEM characterization
confirmed the successful fabrication of NH,-CNTs @ M by this “ one-pot” hydrothermal
approach. The NH,-CNTs@ M displayed satisfactory capability to capture PAs through 7-7,
hydrophobic, and hydrogen-bonding interactions. To realize the best extraction performance,
the key parameters, including the amount of adsorbent, formic acid concentration in the elu-
ent, adsorption and desorption time, sample pH, and ionic strength in the sample matrices,
were inspected and studied in detail. The optimal conditions were as follows: amount of NH,-
CNTs@ M, 30 mg; desorption solvent, 0. 5 mL acetonitrile containing 2. 0% (v/v) formic acid;
adsorption and desorption times, 8. 0 and 3. 0 min, respectively; the sample pH was adjusted to
6.0, and no salt was added to the sample. Under the optimized extraction conditions, a sensi-
tive, quick, and environmentally friendly method for the determination of the studied PAs in
cereal and vegetable samples was established by the combination of NH,-CNTs@ M/MSPE with
high performance liquid chromatography-diode array detection ( HPLC-DAD). The enrichment
factors for the studied PAs varied from 73 to 90. The limits of detection (S/N=3) for the PAs in
the cereal and vegetable matrixes were in the ranges of 0. 32-1. 6 png/kg and 0. 53-1. 6 pg/kg,
respectively; and the limits of quantification (S/N=10) for the PAs in the cereal and vegetable
matrixes were 0.94-4. 8 pg/kg and 1. 6-4. 8 pg/kg. The developed method also showed wide
linear ranges and good precision. Finally, the established NH,-CNTs @ M/MSPE-HPLC-DAD
approach was applied to measure trace levels of PAs in cereals and vegetables, and good forti-
fied recoveries (72.3% to 113%) and repeatability ( RSDs below 10%) were obtained. The
established approach has several advantages over the existing methods, such as high analytical
speed, low LODs, and eco-friendliness.

Key words: aminated carbon nanotubes; magnetic solid-phase extraction (MSPE); high per-
formance liquid chromatography ( HPLC) ; phenoxyacetic acid; herbicides; cereals; vegetables
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2400 BISCR /ML (VSN £ [H ) ; SHZ-82 R I 4R
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N HIE 2 AT UL NH,-CNTs Fi# M 10 mg 34 =
30 mg if, NH,-CNTs@ M % H AR Y W 0 5 12 i
4, 1 M 30 mg | 50 mg N0 FfF R A B iR
15, £ 30 mg i fE NH,-CNTs Hi, i
f£/9 NH,-CNTs@ M H & %/ T, % %% NH,-CNTs
@M [P £ F A, AS TRIHE R A 5 1 o e TR e 750 %o
PAs = HUPERER RSD fH (n=4) 4 6.37% ~9.75% .,
A, SEae 25 R 0 | il 45 1) NH,-CNTs@ M f] &
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2.2 NH,-CNTs@M By KIE

NH,-CNTs@ M ) FT-IR £ 3 41 & 3a Fris,
i i e # NH,-CNTs Fe, O, #il NH,-CNTs@ M fY4L.
S AT DL % B, NH,-CNTs @ M i¥% 8 | 77 15

NH, |
N i
" —NH, !

O F€304

N NH, !

NH,-CNTs@M

Magnetic separation

1 NH,-CNTs@M Hi#l &2 E
Fig. 1 Schematic for preparation of aminated carbon nanotube-modified magnetic nanoparticles (NH,-CNTs@ M)
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Fig. 2 Effect of the amount of NH,-CNTs on the
extraction performance of the five targets
Conditions: amount of sorbent, 30.0 mg; desorption sol-
vent, 0.5 mL acetonitrile (ACN) containing 1.0% (v/v) for-
mic acid (FA) ; adsorption and desorption times, 10. 0 min and
5.0 min, respectively. No salt was added to the sample and the
pH of the sample was not adjusted. The spiked mass concentra-
tion of each compound was 100 ng/L.

NPOA: 2-nitrophenoxyacetic acid; POA: phenoxyacetic
acid; CPOA ; 4-chlorophenoxyacetic acid; 2,4-D: 2,4-dichloro-
phenoxyacetic acid; MCPA. 2-methyl-4-chlorophenoxyacetic
acid.
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T, I 3b A& 3¢ 45128 NH,-CNTs@ M (1) SEM
A TEM &, M SEM & Hrl DL B 0 22 %)
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Fig. 3 (a) FT-IR spectra, (b) SEM image, (d) TEM image, and magnetization curves of NH,-CNTs@M
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A o I Y 04 T AR IEA NH,-CNTs@ M/MSPE X
PAs M HUMERE
231 RWAAE

W B 770 FH 2t 1 %5 255 LA 10 ~ 50 mg, 45 5% 4n
K 4 s, ATLLE 1, NH,-CNTs@ M X% PAs [ #
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Fig. 4 Effect of the amount of adsorbent on the extraction
performance of the five targets (n=3)

Conditions: desorption solvent, 0.5 mL ACN containing
1.0% (v/v) FA; adsorption and desorption times, 10.0 min
and 5.0 min, respectively; no salt was added to the sample,
and the pH of the sample was not adjusted. The spiked mass

concentration of each compound was 100 pg/L.
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R 24 pH {EIGINZE 10. 0 I, A BUPERERA W R R,
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Fig. 5 Effects of (a) type of desorption solvent, (b) FA content in desorption solvent, (c) adsorption time, (d) desorption
time, (e) sample pH, and (f) ionic strength on the extraction performance toward PAs (n=3)

Conditions; a. amount of sorbent, 30.0 mg; FA content in the eluent, 1.0% (v/v); adsorption and desorption times, 10. 0 min and
5.0 min, respectively; the pH of the matrix was not adjusted, and no salt was added to the sample; b. the elution solvent was ACN, and
the other conditions were the same as those in (a); c. 0.5 mL ACN containing 2. 0% FA was used as the desorption solvent, and the
other conditions were the same as those in (b); d. the adsorption time was 8. 0 min, and the other conditions were the same as those
in (¢); e. the desorption time were 3. 0 min, and the other conditions were the same as those in (d) ; f. the sample matrix pH was ad-
justed to 6.0, and the other conditions were the same as those in (e). The spiked mass concentration of each compound was 100 wn.g/L.
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Table 1 Analytical performance of the proposed method toward PAs

Linear RSDs/% (n=4)
Sample Target range®/ r? Lob/ Loy Intra-day Inter-day
(ng/kg) (ng/ke)  (pg/ke) 10 pg/kg 200 pg/kg 10 pg/kg 200 pg/kg
Cereal NPOA 5.0-500.0 0.9927 1.6 4.8 9.2 6.1 8.2 7.5
POA 1.0-500.0 0.9938 0.32 0.94 8.4 9.7 8.1 6.0
CPOA 5.0-500.0 0.9925 1.6 4.8 5.6 3.9 6.3 3.8
2,4-D 5.0-500.0 0.9978 1.4 4.3 8.2 5.4 6.5 6.6
MCPA 5.0-500.0 0.9963 1.5 4.4 8.2 6.7 7.1 7.3
Vegetable NPOA 5.0-500.0 0.9982 1.6 4.8 3.4 7.8 8.8 7.5
POA 5.0-500.0 0.9988 1.3 3.9 4.4 9.2 7.1 9.2
CPOA 2.0-500.0 0.9987 0.53 1.6 4.7 4.4 7.2 2.9
2,4-D 2.0-500.0 0.9993 0.63 1.9 8.7 1.9 33 10
MCPA 2.0-500.0 0.9992 0.60 1.8 4.2 1.4 8.1 1.2

MSPE . magnetic solid-phase extraction. a. Spiked levels in cereal and vegetable samples were 1.0, 2.0, 5.0, 10.0, 20.0, 50.0,

100, 200, and 500 pg/kg.

R2 BYHRAT PAs HNERMREKEER (n=3)

Table 2 Results of determination and spiked recoveries of PAs in cereal samples (n=3)

. Rice Millet Wheat flour

Compound (Si);l;ic;/) Found/ Recovery/ RSD/ Found/ Recovery/ RSD/ Found/ Recovery/ RSD/
(pg/kg) % % (ng/kg) % % (ng/kg) % %

NPOA 0 ND 7.02 ND

10.0 9.33 93.3 6.3 15.9 89.2 3.0 9.57 95.7 9.7

50.0 38.7 77.3 8.6 48.6 107 4.8 43.1 86.1 5.3

200 197 98.6 5.4 178 89.1 8.4 163 81.7 5.7
POA 0 ND 5.42 ND

10.0 8.38 83.8 6.1 15.3 98.9 1.7 8.49 84.9 7.4

50.0 56.0 112 2.1 47.4 94.8 8.2 46.2 92.3 2.5

200 172 85.9 7.1 199 99.6 7.2 147 73.6 4.0
CPOA 0 ND ND ND

10.0 8.02 80.2 6.8 10.1 101 8.9 7.94 79.4 4.7

50.0 36.6 73.1 6.0 45.1 90.1 5.5 45.1 90.1 10

200 151 75.6 2.8 167 83.6 3.9 150 75.0 7.7
2,4-D 0 ND ND ND

10.0 7.66 76.6 9.2 7.67 76.7 5.7 10.6 106 5.5

50.0 52.5 105 4.8 38.3 76.6 8.5 37.9 75.9 6.9

200 187 93.3 8.4 155 77.4 2.7 185 92.6 5.2
MCPA 0 ND ND ND

10.0 9.94 99.4 8.9 8.09 80.9 7.8 8.81 88.1 9.3

50.0 42.8 85.5 9.0 41.4 82.7 9.5 39.6 79.2 8.3

200 169 84.7 3.3 157 78.3 7.1 163 81.6 6.2

ND: not detected.
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Table 3 Results of determination and spiked recoveries of PAs in vegetable samples (n=3)

. Cucumber 1 Cucumber 2 Loofah
Compound (Slf;l;i:) Found/ Recovery/ RSD/ Found/ Recovery/ RSD/ Found/ Recovery/ RSD/
(ng/kg) % % (ng/kg) % % (ng/kg) % %
NPOA 0 ND ND ND
10.0 8.45 84.5 2.8 7.68 76.8 8.6 7.23 72.3 2.2
50.0 56.5 113 7.3 56.5 80.2 6.6 37.0 73.9 5.1
200 196 97.9 7.6 196 92.4 3.2 162 80.8 6.5
POA 0 5.34 ND ND
10.0 16.0 107 8.8 8.58 85.8 6.5 8.97 89.7 6.6
50.0 49.2 87.8 3.2 39.7 79.3 9.6 49.7 99.3 3.8
200 157 75.9 6.7 168 84.2 8.0 153 76.5 8.8
CPOA 0 5.42 ND ND
10.0 13.5 81.2 8.4 8.36 83.6 5.9 7.92 79.2 7.3
50.0 37.2 74.5 9.4 46.1 92.2 5.6 37.6 75.2 5.8
200 184 92.2 4.0 168 84.2 5.8 161 80.6 1.9
2,4-D 0 ND ND ND
10.0 9.97 99.7 7.4 10.4 104 5.9 10.9 109 5.4
50.0 40.6 81.1 8.3 38.0 75.9 6.7 40.3 80.6 3.4
200 175 87.5 1.9 152 76.1 6.1 204 102 3.8
MCPA 0 ND ND ND
10.0 10.4 104 5.9 11.2 112 9.4 10.2 102 6.6
50.0 38.0 75.9 6.7 40.5 80.9 5.1 42.3 84.6 8.4
200 152 76.1 6.1 160 79.9 5.8 176 88.0 1.0
5.34 wg/kg [ POA Fi15.42 pg/kg ) CPOA, KT
AR EE BT, DFE B 58 1 H AR s K¢ Rice g of
4 10.0.50. 0 F1 200 wg/kg MR, 322 FiE 3 . & =
G R AR ZE R S Bl PAs OB 1] 1 543 =
WIAE 73. 1% ~ 112% F1 72. 3% ~ 113% 2 7], RSD {# S

(n=3) ¥BI/NF 10%., R AR o iR 5 5056
EPESE BISIE T 293 NH,-CNTs@ M/MSPE 4t 3§
S5, SEBRAE b B SR O B AR 4 0 A 7 A T
T, 6 S KoK A E IR & 25 F 2R 200
ng/kgZ: NH,-CNTs@ M/MSPE & 4£ 5 i 4
2.6 FiExftk

R T 20U W T 5 VR R € AR A
# 57 i) NH,-CNTs @ M/MSPE-HPLC-DAD 75 % 5
ELHRIE 4 T 00 22 45 0 FN g 28 % R 24 B P PAs
FEM R T R, RN R 4 R, AUk
FLA AR RIS DU 25 1) 362 M b B T R A R
JE, # Z b T HPLC-MS/MS 77 ¥ B8 19 2 fif
JEUO2 TR BT Oy ik LA DR ) A R
AFEPGE R HFF 11,0 min, /8 T HAfth 46 K 250k
DTy 21023780 AN R LT A AR
TRTHFESE D AT LI I (L 0. 49 mL) 10192200
IR EE FEAAR T LU 1, AR J7 2 B0 1 b [l i 3
AR F R K,

-..,J b
- e -

24D
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Fig. 6 Chromatograms of the PAs in rice
and cucumber samples

a. real sample treated with NH,-CNTs@ M/MSPE; b. spiked
sample with each target at 200 pg/kg and treated with NH,-
CNTs@ M/MSPE.

Conditions; sorbent amount, 30.0 mg; desorption solvent, 0.5
mL ACN containing 2. 0% FA; adsorption and desorption times,
8.0 min and 3. 0 min, respectively; sample matrix pH, 6. 0.
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Table 4 Comparison of proposed method with reported methods for the analysis of PAs

Method Sample Compounds E.xtracti.on Organic sol.vent LODs/ Recoveries/ Ref.
time/min  consumption (ng/kg) %
SPME/HPLC-UV cereal POA, CPOA, MCPA, 80 0.39 mL MeOH 0.36-0.66 70.0-117 [2]
NPOA, 2,4-D
SPME-HPLC-UV cereal 2,4-D 34 0.2 mL ACN 2.1 92.9-112 [23]
SPE/HPLC-MS/MS cereal POA, CPOA, MCPA, 15 1.6 mL ACN 1.0-2.0 80.0-115 [10]
NPOA, 2,4-D
TFME/SESI-IMS cereal 2,4-D 38 0.2 mL MeOH 0.09-0.3 82.0-115 [24]
MSPE-LLME/HPLC-MS/MS cereal 2,4-D, MCPA, CPOA 17 4.0 mL MeOH 0.19-0.80 83.9-103 [15]
MSPE/HPLC-DAD cereal POA, CPOA, MCPA, 11 0.49 mL ACN 0.32-1.6 73.1-112 this work
NPOA, 2,4-D
SPE/HPLC-DAD vegetable 2,4-D, MCPA 31 0.95 mL MeOH 0.1-0.5 86.1-103 [11]
D-p-SPE/HPLC-UV vegetable 2,4-D 36 1.5 mL ACN 7.0 88.0-94.0 [12]
FSPE/HPLC-MS/MS vegetable MCPA >25 2.85 mL MeOH 55 81.1-106 [25]
QuEChERS/HPLC-MS/MS  vegetable MCPA - 9.9 mL ACN 0.22-0.60 83.4-107 [26]
MSPE/HPLC-DAD vegetable POA, CPOA, MCPA, 11 0.49 mL ACN 0.53-1.6 72.3-113 this work
NPOA, 2,4-D
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