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A new solid-phase adsorbent was synthesized for the simultaneous enrichment of

multiple classes of trace insecticides (neonicotinoids, organophosphates, fiproles, and

organochlorines) in water. The adsorbent was spherical with a diameter, surface area,

average pore volume, and pore size of approximately 5 μm, 341 m2/g, 0.092 m3/g,

and 2.22 nm, respectively. Extraction conditions were optimized, including water pH

and the type and volume of the rinsing and eluting solvents. After extraction, target

insecticides were analyzed by gas chromatography with mass spectrometry and high-

performance liquid chromatography with tandem mass spectrometry. The recovery

of neonicotinoids ranged from 63.0 to 124%, except for clothianidin (40.1–52.9%).

Recoveries of organophosphates, fiproles, and organochlorines were in the ranges

of 37.0–102, 64.0–101, and 42.0–69.3%, respectively. Relative standard deviations

were <20% except for profenofos (5.1–30%) and method detection limits were 1.8–

12.7 ng/L, suggesting that the precision and accuracy of the developed method were

viable. At environmentally relevant concentrations, the new adsorbent achieved com-

parable recoveries of target insecticides to hydrophilic–lipophilic balance adsorbent

while providing an additional advantage by further reducing matrix effects. Field

water samples from the Pearl River in Guangzhou, China were analyzed, and the fre-

quent detection of neonicotinoids raises concerns about their aquatic risk.
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1 INTRODUCTION

As the world population continues to grow, an evergrowing

demand for food supplies has arisen, resulting in large quan-

tities of pesticides being used worldwide [1]. After applica-

tion, most pesticides enter into surface water through vari-

ous routes, such as runoff and drift [2]. As a consequence,

pesticides, particularly insecticides, have become one of the

Abbreviations: BHC, benzene hexachloride; FIP, fiprole; HLB,

hydrophilic–lipophilic balance; MDL, method detection limit; ME, matrix

effect; NNI, neonicotinoid insecticide; OC, organochlorine insecticide; OP,

organophosphate insecticide
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major threats to global freshwater diversity and ecosystem

function [3]. To fully understand aquatic risk caused by insec-

ticides, it is imperative to develop effective methods for mon-

itoring multiple insecticides in water.

To analyze trace insecticide residues in complicated

water matrices, intensive sample preparation procedures were

required to concentrate and purify the analytes before instru-

mental analysis. As a replacement of solvent-consuming LLE,

SPE has been widely used to extract insecticides from water

with the merits of high enrichment capacity, low solvent con-

sumption, and easy operation [4]. Hydrophilic–lipophilic bal-

ance (HLB) and C18 are the most often used SPE adsorbents

for analyzing insecticide residues in water [5,6]. Compared

with C18 absorbent which is limited to nonpolar compounds,

HLB adsorbent is preferable for compounds with wide range
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of polarity. The cost of HLB adsorbent, however, is higher

than C18 [7]. Meanwhile, strong matrix effects (ME) due to

coeluting impurities have been noted when the HLB was used

as SPE adsorbent [8,9]. The impurities can affect ionization

processes of the analytes on MS, leading to enhancement or

suppression of chromatographic signals and in turn erroneous

quantification [10].

The primary aim of the current study was to develop and

validate a novel SPE adsorbent. In comparison with the com-

mercialized adsorbents, the new adsorbent could reduce ME

for analyzing multiple classes of insecticides in water with-

out sacrificing extraction efficiency. The adsorbent was syn-

thesized through bulk polymerization using 1-vinyl imidazole

and divinyl benzene as monomer and crosslinker, respectively.

Four classes of insecticides and their metabolites with a wide

range of hydrophobicity (logKow from –0.13 to 5.11), includ-

ing neonicotinoids (NNIs), organophosphates (OPs), fipro-

les (fipronil and its metabolites, FIPs), and organochlorines

(OCs) were selected as target analytes. The SPE conditions,

including pH of water samples as well as the type and vol-

ume of the rinsing and eluting solvents were optimized. After

extraction, the insecticides were analyzed using GC–MS and

HPLC–MS/MS. Extraction efficiency and ME of the newly

developed adsorbent were compared with the commercialized

adsorbents. Finally, the SPE method with new adsorbent was

validated using field-collected water samples.

2 MATERIALS AND METHODS

2.1 Instrumental analysis
A total of 20 insecticides, including eight OPs, three FIPs, four

OCs, and five NNIs were analyzed. Physicochemical prop-

erties of the insecticides and the respective surrogates and

internal standards for analyzing these insecticides are shown

in Supporting Information Tables S1 and S2. More details

on chemicals and reagents are provided in the Supporting

Information.

The OPs and FIPs were analyzed on a QP-2010 plus series

GC–MS (Shimadzu, Japan) in negative chemical ionization

mode, and OCs were determined on an Agilent 7890A-5975C

GC–MS (Agilent Technologies, USA) equipped with an elec-

tron impact ion source. More details on GC–MS analysis

are discussed in a previous study [11] and the Supporting

Information Tables S3 and S4. Alternatively, NNIs were ana-

lyzed on a LC-30-AD HPLC (Shimadzu, Japan) coupled

with QTRAP 5500 MS/MS (AB Sciex, USA) [12]. Addi-

tional information on HPLC–MS/MS conditions is available

in the Supporting Information and Supporting Information

Table S5. The analytes were all quantified using internal cali-

bration with matrix-matched standards (Supporting Informa-

tion Tables S3–S5).

2.2 Synthesis, selection, and characterization
of adsorbents
As shown in Supporting Information Table S6, six polymers

(A–F) were synthesized by varying the type and composi-

tion of monomer and crosslinker. After dissolving approxi-

mate amounts of the monomer, crosslinker, and initiator in

5 mL of acetonitrile, the mixture was degassed by purging

nitrogen for 10 min, and sealed under nitrogen atmosphere.

Polymerization was thermally initiated at 60◦C and contin-

ued for 24 h. After reaction, the polymer was dried at 60◦C

for 12 h, ground, and passed through a 58 μm sieve. Finally,

the polymer was washed with methanol to remove fine parti-

cles and unreacted monomers and then dried at 60◦C for 24 h.

The selection of SPE adsorbent was performed by com-

paring the affinity of the six synthesized adsorbents for tar-

get insecticides with HLB adsorbent. Individual adsorbents

(20 mg) were packed into 3 mL polypropylene tubes. After

preconditioning of the SPE cartridge with 5 mL of acetoni-

trile and water sequentially, 200 mL of water samples contain-

ing OCs, FIPs, and NNIs at 500 ng/L and OPs at 100 μg/L

were loaded onto the cartridges. The cartridges were dried

for 15 min and the analytes were eluted out of the cartridges

with 5 mL of acetonitrile. The effluents were concentrated and

redissolved in 0.5 mL of hexane, and OCs, OPs, and FIPs were

analyzed by GC–MS after adding 50 μL of 1 μg/mL inter-

nal standards. After GC–MS analysis, the solutions were sol-

vent exchanged to 0.5 mL of acetonitrile containing 50 μL of

1 μg/mL internal standards, passed through 0.22 μm filters

and analyzed by HPLC–MS/MS for NNIs.

The structure of adsorbent with the highest affinity

for target insecticides was characterized. FTIR spectra

were obtained using a Vertex 70 FTIR apparatus (Bruker,

Germany). The SEM images were recorded using a SU8010

field emission SEM at an accelerating voltage of 1.5 kV

(Hitachi, Japan). Nitrogen gas porosimetry measurements

were performed on Tristar II 3020 V1.04 surface area and

porosity analyzer (Micromeritics, USA) after the polymers

were degassed under vacuum at 70◦C for 20 min and 120◦C

for 6 h.

2.3 Optimization and validation of SPE
method using the synthesized adsorbent
2.3.1 Optimization of SPE method
After selecting the adsorbent, SPE parameters affecting

extraction efficiency of the target insecticides were optimized,

including water pH (3.0, 4.0, 5.0, and 6.5), rinsing solvent type

(water, 10% acetone, 10% methanol, and 10% acetonitrile) and

volume (2, 5, and 10 mL), and eluting solvent composition

(a mixture of dichloromethane and acetonitrile of 10:0, 7:3,

5:5, 3:7, and 0:10, v/v) and volume (2, 5, and 10 mL). Under

individual SPE conditions, 1 L water containing 100 ng/L
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of the insecticides and surrogates was extracted with the

cartridge packed with 200 mg of the selected adsor-

bent. Extraction efficiency was compared to optimize SPE

conditions.

2.3.2 Method validation for accuracy,
precision, and sensitivity
Accuracy (recovery) and precision (RSD) of the optimized

SPE method were evaluated using 1 L of water samples spiked

with individual insecticides at concentrations of 20, 200, and

1000 ng/L. In addition, method sensitivity was assessed by

the method detection limit (MDL). The MDL means the min-

imum concentration of a substance that can be quantified with

99% confidence of its concentration being greater than zero.

The MDL was estimated from the SD of seven replicates of

a water sample that were spiked with 10 ng/L of OPs, FIPs,

and OCs and 5 ng/L of NNIs using Eq. (1) [11] and matrix-

matched calibration standards were used for quantification.

MDLs=3.14 × SD (1)

2.3.3 Matrix effect
Besides extraction efficiency, the capability of SPE adsorbents

to minimize ME during instrumental analysis was compared

for the synthesized and HLB adsorbents. The effect of car-

tridge rinse on the ME was also evaluated. Field-collected

water samples were spiked with target insecticides and pro-

cessed by SPE, resulting in 200 ng/mL analytes in the final

extracts. Insecticides in the extracts were analyzed using GC–

MS and HPLC–MS/MS, and compared with the insecticides

in pure solvents at the same concentration. The ME was cal-

culated under both external and internal standard calibration

conditions (Eqs. (2) and (3), respectively) [13].

MEex = (A−B) ∕B × 100%, (2)

where, A and B are the peak areas of the quantitative ion of the

analyte in the test sample and solvent (hexane or acetonitrile),

respectively.

MEin = (C−D) ∕D × 100%, (3)

where, C and D are the ratios of peak areas of the quanti-

tative ions of the analyte and the internal standard (50 μL

of 1 μg/mL) in test samples and matrix-matched standards,

respectively.

2.3.4 Method validation with field samples
The optimized SPE method using the synthesized adsor-

bent was also used to analyze insecticide residues in field

water samples that were collected from the Pearl River in

Guangzhou, China (Supporting Information Table S7). Water

samples were collected and stored in 4-L brown glass bottles,

with 4 mL of 20% NaN3 and 4 mL of 6 mol/L HCl being added

to the water to reduce microbial degradation, the samples were

transported back to the laboratory and kept at 4◦C before anal-

ysis. Before extraction, water samples were adjusted to neu-

tral pH by adding 0.1 mol/L NaOH and filtered through glass

fiber filters. All extractions were performed within 3 days after

sample collection.

A set of QC samples were analyzed along with the

field samples. No target insecticides were detected above

their respective MDLs in blank samples. Three surrogates

(PCB-67, PCB-209, and acetamiprid-d3; 100 μL of 1 μg/mL

each) were added before extraction to assess the performance

of sample preparation procedures. Recoveries of PCB-67,

PCB-209, and acetamiprid-d3 were 52.5–58.1, 55.7–64.7, and

64.4–94.0% with SDs of 6.0–15.2, 1.6–8.7, and 10.3–17.2%,

respectively. Statistical comparison among various adsorbents

was conducted using a one-way ANOVA test with SPSS

version 16.0 software (International Business Machines,

USA).

3 RESULTS AND DISCUSSION

3.1 Synthesis, selection, and characterization
of SPE adsorbents
As shown in Supporting Information Table S6, six polymers

were synthesized using the monomers and crosslinkers with

different polarity and composition. Figure 1 shows the relative

extraction efficiency for individual insecticides by the syn-

thesized adsorbents (A–E) to HLB. Extremely high column

F I G U R E 1 Relative recovery of different synthesized adsorbents

for individual insecticides to commercial HLB adsorbent. The com-

position of monomer and cross-linker for the adsorbents were as fol-

lows. (A) N-vinyl-2-pyrrolidone/divinyl benzene = 2:1; (B) 1-vinyl imi-

dazole/divinyl benzene = 2:1; (C) acrylamide/divinyl benzene = 2:1;

(D) N-vinyl-2-pyrrolidone/divinyl benzene = 5:1; and (E) 1-vinyl imi-

dazole/divinyl benzene = 5:1
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pressure prohibited the use of adsorbent F, thus only the other

five adsorbents were evaluated. Comparatively, adsorbents D

and E, which were made at high monomer to crosslinker ratio

(5:1), had higher extraction efficiency than the absorbents

with low ratio (2:1). This result is expected as increasing the

monomer ratio increased the affinity of the polymers for the

analytes. With a relative recovery to HLB greater than 100%,

adsorbents D and E also had higher affinity than HLB for most

insecticides, except for FIPs (Fig. 1). Adsorbent E was syn-

thesized from a more polar monomer, and had a significantly

greater affinity for NNIs than adsorbent D, therefore it was

selected as the SPE adsorbent.

Adsorbent E was synthesized from 1-vinyl imidazole

monomer and its C–N bond p–π conjugate structure could

produce electrostatic force. Meanwhile, the benzene ring in

divinyl benzene crosslinker had hydrophobic characteristics.

Accordingly, the adsorbent was viable for both polar and non-

polar contaminants. The C–N bond and benzene ring struc-

tures were evident in FTIR spectrum of the adsorbent (Sup-

porting Information Fig. S1). The adsorption peaks at 1288,

1110, and 1080 cm−1 were related to C–N stretching vibra-

tion in 1-vinyl imidazole and peaks at 1602, 1502, 1447, and

1411 cm−1 represented benzene ring stretching vibration in

divinyl benzene. The UV spectra of individual monomers

and polymer showed that the unreacted monomers were thor-

oughly removed (data are not presented) and FTIR spectrum

suggested that 1-vinyl imidazole and divinyl benzene were

successfully copolymerized in the synthesized adsorbent.

The SEM image of the adsorbent showed its morphology

that was a spherical structure with a diameter of approxi-

mately 5 nm (Fig. 2). As plotted in Supporting Information

Fig. S2, the nitrogen adsorption/desorption isotherms of the

adsorbent showed type IV with an H4 hysteresis loop at P/P0

between 0.05 and 0.8. These characteristics of the mesoporous

material were confirmed by Barret–Joyner–Halenda desorp-

tion pore distribution curves. Surface area, pore volume, and

F I G U R E 2 The SEM images of the synthesized adsorbent E

average pore size were 341 m2/g, 0.092 cm3/g, and 2.22 nm,

respectively.

3.2 Optimization of SPE conditions
The selected adsorbent E (200 mg) was used for concentrating

insecticides from water samples. To gain good extraction effi-

ciency, SPE conditions were optimized, including pH of water

sample and the type and volume of the rinsing and eluting sol-

vents. Water pH may change speciation of polar analytes and

affect their interaction with adsorbent [14]. Because insecti-

cides tend to degrade in alkaline conditions [15], the impact

of water pH on extraction efficiency was evaluated at follow-

ing four pH levels: 3.0, 4.0, 5.0, and 6.5. Increasing water

acidity caused a higher pressure in the SPE cartridge, most

likely due to an altering of polymer structure under acidic

condition. It becomes impractical to load the water samples

with pH ≤ 4.0 onto the cartridges within a reasonable time-

frame, thus the recovery of the insecticides was only assessed

for samples with pH of 5.0 and 6.5 (Supporting Information

Fig. S3). Recoveries of most insecticides were slightly higher

at pH of 6.5, particularly for the polar OPs and NNIs. There-

fore, water samples with pH close to neutral were used

thereafter.

To reduce the matrix interference in field water samples

that may bias the quantification, a rinsing step was added

before eluting the analytes out of SPE cartridge. Four solu-

tions (water, 10% acetone, 10% methanol, and 10% acetoni-

trile) with a volume of 2, 5, or 10 mL were assessed as the

rinsing solution (Supporting Information Fig. S4). Although

the type of rinsing solution had little effect on nonpolar insec-

ticides, rinsing the cartridge with 10% methanol and 10% ace-

tonitrile caused significant loss of NNIs and OPs. Compared

with water, 10% acetone was more effective to remove inter-

ferences than water while both solutions caused no change of

insecticide recovery with rinsing volumes <5 mL. As a result,

5 mL of 10% acetone was chosen as rinsing solution.

Optimizing the composition and volume of elution solu-

tion were also imperative to reduce interfering substance

while maximizing the recovery of target insecticides. The

impacts of the composition of eluting solutions (a mixture of

dichloromethane and acetonitrile at 10:0, 7:3, 5:5, 3:7, and

0:10, v/v) and their volume (2, 5, and 10 mL) on recovering

the insecticides were evaluated. Results showed that 5 mL of

acetonitrile provided the highest recovery for most analytes

(Fig. 3).

In summary, the optimum SPE conditions were as fol-

lows. After SPE cartridge (200 mg) was preconditioned with

5 mL of methanol and water, sequentially, 1 L water sample

at neutral pH was loaded onto the cartridge at a flow rate of

2–3 mL/min. After rinsing the column with 5 mL of 10% ace-

tone, the analytes were eluted out of the cartridge with 5 mL

of acetonitrile.
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F I G U R E 3 The influence of the type (A) and volume (B) of eluting solvents on extraction efficiency of SPE cartridge packed with 200 mg of

synthesized adsorbent

3.3 Method validation
The optimized SPE method was validated by water samples

spiked with target insecticides at environmentally relevant

concentrations (20, 200, and 1000 ng/L) (Table 1). The recov-

ery of NNIs was in a range of 63.0–124% with RSDs of 3.8–

18%, except for clothianidin, which had a relatively low recov-

ery (40.1–52.9%). The recovery of most OPs ranged from

46.8 to 102% and the RSDs were 1.0–20% (profenofos 5.1–

30%), expect for malathion, parathion methyl, and phorate.

The high tendency of degradation of these three OPs may be

the reason for their low recoveries (37.0–63.9%). The recov-

eries of FIPs and OCs were 64.0–101 and 42.0–69.3% with

RSDs of 4.7–17 and 7.2–18%, respectively. Glassware bind-

ing partially explained the low recovery of OCs which was

also noted for other hydrophobic compounds [6]. A total of

T A B L E 1 Recovery (mean ± SD, n = 3) of target insecticides in water spiked at concentrations of 20, 200, and 1000 ng/L. The method detection

limits (MDLs) are also presented

Recovery (%)
Compound 20 ng/L 200 ng/L 1000 ng/L MDLs (ng/L)
Acetamiprid 122 ± 5 113 ± 12 124 ± 18 4.2

Clothianidin 40.1 ± 3.3 48.4 ± 6.2 52.9 ± 9.8 2.1

Imidacloprid 78.8 ± 5.9 77.0 ± 8.7 83.6 ± 14.4 2.2

Thiacloprid 84.7 ± 3.3 90.5 ± 9.5 97.5 ± 13.1 2.7

Thiamethoxam 63.0 ± 2.9 74.9 ± 7.9 81.3 ± 13.8 2.3

Chlorpyrifos 52.8 ± 3.7 53.6 ± 5.0 51.8 ± 4.4 5.6

Diazinon 46.9 ± 1.6 61.2 ± 7.7 60.9 ± 6.7 1.9

Malathion 46.6 ± 2.1 63.9 ± 6.8 46.3 ± 8.3 1.9

Parathion methyl 47.4 ± 2.2 52.5 ± 4.9 37.0 ± 7.1 2.3

Phorate 45.1 ± 1.3 58.8 ± 6.4 39.4 ± 3.7 2.1

Profenofos 61.2 ± 3.1 102 ± 8 75.0 ± 22.2 8.9

Tebupirimfos 56.2 ± 1.3 63.3 ± 5.8 53.0 ± 6.9 3.4

Terbufos 54.0 ± 0.5 51.7 ± 3.7 46.8 ± 9.2 2.3

Fipronil 64.0 ± 3.8 80.5 ± 13.9 73.9 ± 11.0 4.1

Fipronil sulfide 71.2 ± 3.4 82.1 ± 11.9 101 ± 15 9.6

Fipronil sulfone 69.7 ± 3.8 79.5 ± 11.1 91.2 ± 10.5 12.7

α-BHC 45.1 ± 4.2 49.7 ± 4.8 45.9 ± 3.3 1.8

β-BHC 54.7 ± 5.4 52.6 ± 7.0 57.2 ± 9.2 4.4

γ-BHC 44.5 ± 4.0 42.8 ± 5.1 42.0 ± 7.6 2.9

δ-BHC 69.3 ± 5.8 58.3 ± 5.6 56.9 ± 9.4 2.6
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10–40% pyrethroids and methoprene found in water were lost

due to the sorption of these compounds to glassware. Further-

more, insecticide recoveries changed little though their water

concentrations varied across two orders of magnitudes (20–

1000 ng/L), indicating the applicability of the SPE method

across a wide concentration range.

Method sensitivity was expressed as MDLs and they were

in ranges of 2.1–4.2, 1.9–8.9, 4.1–12.7, and 1.8–4.4 ng/L for

NNIs, OPs, FIPs, and OCs, respectively (Table 1). The MDLs

were compared with previous studies using different analyti-

cal methods (Supporting Information Table S8). In general,

the use of GC–MS and HPLC–MS/MS made the current

method to be more sensitive for most compounds than pre-

vious methods.

Sorption capability of the synthesized adsorbent was com-

pared with two commercialized adsorbents which were com-

monly used for pesticide analysis (HLB and C18) using the

optimized SPE method with 1 L of water containing 100 ng/L

of target compounds (Fig. 4). Extraction efficiency of C18

was significantly lower than the synthesized adsorbent and

HLB for NNIs and most OPs that were relatively polar

(p < 0.05), yet the later two adsorbents had similar affinity for

most insecticides. Moreover, high matrix-enhanced responses

with a recovery close to 140% were observed for three OPs

(malathion, parathion-methyl, and profenofos) when HLB

was used. Comparatively, their recovery was more reasonable

(71.3–89.3%) when the synthesized adsorbent was applied.

Overall, extraction efficiency of the synthesized adsorbent

for most insecticides was better than C18 adsorbent, partic-

ularly for polar compounds. The synthesized adsorbent had

similar sorption capacity as HLB adsorbent, but it showed bet-

ter potential than HLB for improving quantitative accuracy by

minimizing ME, which strengthens its practical use for water

analysis.

F I G U R E 4 Comparison of extraction efficiency of the synthesized

adsorbent (A) with the commercialized HLB (B) and C18 adsorbents (C)

3.4 Matrix effects
MEs refer to the change of chromatographic responses

(enhancement or suppression) in the presence of interfering

substances and influence the accuracy and reliability of instru-

mental qualification [16]. Therefore, it is preferable to mini-

mize ME as much as possible during method development.

As shown in Supporting Information Fig. S5, inclusion of a

rinsing step in SPE before elution made the GC–MS chro-

matograms clearer with less interfering peaks in both elec-

tron impact ion and negative chemical ionization modes, as a

result of removing some matrix components through rinsing

SPE cartridges. In addition, a comparison of chromatograms

of the same sample processed by the synthesized and HLB

adsorbents showed the synthesized adsorbent was more effec-

tive in removing matrix components than HLB as indicated by

lower peak intensity (Supporting Information Fig. S5).

Quantitative evaluation of ME was performed by compar-

ing chromatographic responses of the insecticides in pure sol-

vent and field water samples. Two calibration approaches were

used for the calculations, namely external and internal stan-

dard calibrations (Eqs. (2) and (3)), and the results are shown

in Fig. 5 and Supporting Information S6, respectively. The

lowest ME equals 0, and enhancement and suppression of

chromatographic responses lead to a deviation of ME from

0 (ME> and< 0, respectively). As shown in Fig. 5, ME affects

quantifying OPs the most, while OCs are the least impacted

insecticides.

As shown in Fig. 5, adding a rinsing step in SPE using

the synthesized adsorbent reduced ME for most insecticides,

except for fipronil sulfone (10.6–24%) and δ-benzene hex-

achloride (BHC) (3.2–8.1%). Rinsing the cartridge reduced

MEex from −93.0 to −38.5, 170–752, 47.5–139, and 13.2–

26.1% to −89.6 to −27.3, 13.4–256, 18.9–76.9, and 5.8–9.6%

F I G U R E 5 The calculated matrix effects (MEex) of individual

insecticides when using the synthesized adsorbent without (A) and with

(B) rinsing and the use of the commercialized HLB adsorbent with rins-

ing (C). External standard calibration method was used
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for NNIs, OPs, FIPs, and OCs, respectively. Furthermore, the

absolute values of MEex for the synthesized adsorbent (from

5.8 to 256%) were lower than HLB (from 10.2 to 493%) for all

insecticides. The lower ME was supported by clearer full-scan

chromatograms (Supporting Information Fig. S5), suggesting

that the synthesized adsorbent was more effective in reducing

interfering substances than HLB.

Internal calibration with matrix-matched standards was

recommended for GC–MS and HPLC–MS analyses to reduce

ME [17]. To prepare matrix-matched standards, clean water

was processed with SPE and concentrated to 0.5 mL of hex-

ane or acetonitrile solution before adding appropriate amounts

of the insecticides, surrogates, and internal standards. Due to

the use of internal calibration with matrix-matched standards,

MEin were significantly smaller than MEex for most insec-

ticides (Fig. 5 and Supporting Information S6). For exam-

ple, MEin for imidacloprid and acetamiprid (8.5 and 18.4%,

respectively) were times and five times less than their respec-

tive MEin values of −26.2 and −89.6%. The MEin values

were also lower than those reported in a previous study using

HLB (49 and −20% for imidacloprid and acetamiprid, respec-

tively) [18]. When the synthesized adsorbent was used, MEin

values were all less than 40% for target insecticides except

for parathion methyl, phorate, tebupirimfos, and FIPs (Sup-

porting Information Fig. S6). The greatest improvement was

noted for OPs which were strongly affected by ME (excluding

malathion and parathion methyl) when the synthesized adsor-

bent was used instead of HLB (from −45.4 to −18.0% and

from −57.7 to −28.8%, respectively). Overall, the adsorbent

developed in the current study had similar affinity for most

insecticides as HLB, but it had additional advantages of reduc-

ing interfering substances and improving ME.

3.5 Analysis of field samples
The newly synthesized adsorbent was successfully used

as SPE adsorbent to analyze insecticide residues in field-

collected water samples from the Pearl River in Guangzhou,

China (Table 2 and Supporting Information Table S9). Polar

NNIs and OPs were detected at higher concentrations in the

water samples than other insecticides (Table 2). The total con-

centrations of NNIs were from 51.8 ± 19.4 to 111 ± 35.4 ng/L

across sites. Acetamiprid and imidacloprid were the dom-

inated NNIs with concentrations ranging from 20.8 ± 9.4

to 45.4 ± 8.1 and 27.9 ± 7.2 to 52.4 ± 19.4 ng/L, respec-

tively. Chlorpyrifos and diazinon were the only OPs detected

at concentrations being <MDL and approximately 20 ng/L,

respectively. Chlorpyifos had generally higher sediment con-

centrations in the Pearl River than diazinon [19], yet its water

concentrations were lower than diazinon, which is under-

standable considering chlorpyifos is much more hydrophobic

than diazinon (Supporting Information Table S1). FIPs have

been detected in freshwater environment [20,21] and fipronil

exceeded its aquatic life benchmark in 70% of urban streams in

the U. S. from 1992 to 2011 [22]. Although FIPs were detected

in the current study, none were above their MDLs. This is sim-

ilar to previous report on sediment-bound FIPs in the study

area. While FIPs were frequently detected, their sediment con-

centrations in the Pearl River were relatively low [19]. The

BHCs were also detected in all sites with concentrations of

13.6 ± 2.88 to 21.0 ± 2.83 ng/L (Table 2). These concentra-

tions were slightly higher than previous data in the Pearl River

(0.21–5.12 ng/L) [23,24], but in the similar range of BHC con-

centrations in other rivers in China (1.10–290 ng/L) [25–27].

The benchmark values of the insecticides for aquatic

risk are also presented in Supporting Information Table S9.

Although the four classes of insecticides were all detectable

in the Pearl River, NNIs were the only insecticides whose con-

centrations were greater than their chronic ecological thresh-

old of 35 ng/L [28]. Although NNIs have been extensively

used worldwide, few studies reported their occurrence in

aquatic environment [29]. The presence of NNIs in freshwa-

ter ecosystem is ubiquitous with reported concentrations of

3.29–40.0 μg/L in the United States [30,31], 0.26–43.6 μg/L

in Australia [32,33], and approximately 10 ng/L in Osaka,

Japan [34]. To date, little information is available on water

concentrations of NNIs in China. Zhang et al. [12] analyzed

NNIs in an urban tributary of the Pearl River and higher

T A B L E 2 The total concentrations of neonicotinoids (NNIs), organophosphates (OPs), fiproles (FIPs), and organochlorines (OCs) in surface

water collected from the Pearl River in Guangzhou, China. The results are shown as mean ± SD (n = 3)

Concentration of insecticides in field water (ng/L)
Insecticide class S 1 S 2 S 3 S 4 S 5
ΣNNIa 75.6 ± 17.6 92.0 ± 7.1 77.0 ± 24.1 51.8 ± 19.4 111 ± 35

ΣOPb 20.6 ± 1.4 20.2 ± 0.3 18.2 ± 1.6 22.2 ± 1.4 18.7 ± 1.9

ΣFIPc
<MDLd

<MDL <MDL <MDL <MDL

ΣOCe 16.1 ± 2.6 21.0 ± 2.8 15.9 ± 2.9 14.3 ± 1.6 13.6 ± 2.9

aΣNNI: the sum of acetamiprid, clothianidin, imidacloprid, thiacloprid, and thiamethoxam.
bΣOP: the sum of chlorpyrifos, diazinon, malathion, parathion methyl, phorate, profenofos, tebupirimfos, and terbufos.
cΣFIP: the sum of fipronil, fipronil sulfide, and fipronil sulfone.
d
< MDL: lower than the MDLs.

eΣOC: the sum of α-BHC, β-BHC, γ-BHC, and δ-BHC.
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concentrations of imidacloprid were found (32–193 ng/L).

Although dilution reduced NNI concentrations in large river

(the present study) compared with small streams [12], they

still exceeded the benchmarks, calling for more studies on

their distribution and risk in aquatic ecosystem.

4 CONCLUDING REMARKS

A novel SPE adsorbent was synthesized using 1-vinyl imida-

zole and divinyl benzene copolymerization. The applicability

of using this adsorbent for simultaneously extracting insecti-

cides with a wide range of polarity, like NNIs, OPs, FIPs, and

OCs were evaluated. The accuracy, precision, and sensitivity

of the method were acceptable with good recoveries, RSDs,

and MDLs for most insecticides. At environmentally relevant

concentrations, recoveries of target insecticides were com-

parable to the commercialized adsorbent but with less ME.

Water samples collected from the Pearl River in Guangzhou,

China were analyzed and the frequent detection of NNIs calls

for concern on their aquatic risk.
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