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Abstract

:

Neonicotinoid pesticides (NEOs) were initially considered viable alternatives to conventional organo-pesticides extensively used in agriculture, horticulture, and households. However, the increased frequency and concentration of NEOs in waterways have drawn significant attention and concern due to the resulting threats to ecosystems and public health worldwide. The demand for monitoring NEOs in water has led to numerous efforts in many countries and regions. Given occurrence and distribution of these pesticides/insecticides. This study reviews NEOs monitoring in China from 2019 to 2022, aiming to gather and analyse information on China’s efforts in NEOs monitoring to provide reference for future research. The study primarily focuses on the southern and southeastern regions of China, specifically on lakes and tributaries of rivers, including Taihu Lake, Pearl River, Yangtze River, Songhua River, and Liao River. This focus can be attributed to the prioritisation and environmental demands related to the local economic status and major developmental tasks. The evaluation of the corresponding ecological risks of human exposure to NEOs ranged from low to medium-high levels. However, despite these findings, contamination from NEOs is still considered to lack sufficient attention and concern. Additionally, the presence of NEOs in other environmental media, such as indoor dust, wheat grains, vegetables, and teas, requires close attention in the future.
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1. Introduction


Aside from the application of protective agent-type pesticides, systemic pesticides have been introduced. These pesticides can systematically travel through plant tissues and protect all parts of the crops. They assist in inhibiting sucking insects and some chewing insects, such as termites and grubs, and are widely applied as seed treatments [1,2,3,4,5]. Due to the phasing out of conventional organochlorine pesticides, as mandated by the Stockholm Convention, a range of alternatives to existing pesticides has emerged in the market and is currently in use [6]. Neonicotinoid pesticides (NEOs) have been introduced in practice as replacements for organochlorine and organophosphorus pesticides. Specifically, NEOs mainly act as agonists at the nicotinic acetyl-choline receptor of insects, which is the Na+/K+ ionophore managing the initiation of the electric signal in the postsynaptic neuron [7]. As a result, NEOs contribute to pest inhibition in both agricultural and garden settings [3,4]. Additionally, neonicotinoid pesticides are less toxic to non-target invertebrate species and potentially honeybees in comparison to conventional organo-sulphur, organochlorine, and organophosphate pesticides [8]. Because of their aforementioned beneficial properties, neonicotinoids have found extensive use in agriculture, horticulture, and household applications [9]. The currently popular NEOs include, but are not limited to, acetamiprid, clothianidin, dinotefuran, imidacloprid, and thiamethoxam, and newer NEOs species were recently developed and introduced, such as cycloxaprid and paichongding [10,11]. Table 1 lists the typical neonicotinoids that demonstrate the chemical structures and basic properties of NEOs.



Imidacloprid is one of the common types of NEOs, which was developed in the 1980s and has been available on the market since the early 1990s [8]. Subsequently, the demand for imidacloprid has been consistently rising. It has been registered in over 120 countries and, since 2014, has constituted more than a quarter of the insecticide market [12]. Specifically, China, being the main supplier of imidacloprid in the world, produced more than 23,000 tons of imidacloprid in 2016.





 





Table 1. Basic chemical and physical properties of neonicotinoids.






Table 1. Basic chemical and physical properties of neonicotinoids.


















	Neonicotinoids
	Chemical Structure
	CAS No.
	Molecular Mass

(g moL−1)
	PKa
	LogKows
	Water

Solubility

(mg L−1)
	Water-Sediment

Photolysis

(DT50 in days)
	Water Photolysis

(DT50 in days)
	Water Hydrolysis

(DT50 in days)
	References





	
	▪

	
Acetamiprid






	[image: Environments 10 00206 i001]
	135410-20-7
	222.678
	0.7
	0.8
	2950
	4.7

(moderatly fast)
	34

(stable)
	420

(stable)
	[13,14]



	
	▪

	
Clothianidin






	[image: Environments 10 00206 i002]
	210880-82-5
	249.67
	11.1
	0.905
	327
	41–56

(stable)
	<1; 0.1

(fast)
	14.4

(moderately fast)
	[13,14]



	
	▪

	
Dinotefuran






	[image: Environments 10 00206 i003]
	165252-70-0
	202.214
	12.6
	−0.549
	39,830
	n.a.
	0.2

(fast)
	n.a.

(stable)
	[13,14]



	
	▪

	
Imidacloprid






	[image: Environments 10 00206 i004]
	80-09-1
	255.661
	8.00
	0.57
	0.58–0.61
	30–129

(slow to stable)
	<1, 0.2

(fast)
	>365

(stable)
	[13,14]



	
	▪

	
Nitenpyram






	[image: Environments 10 00206 i005]
	150824-47-8
	270.72
	3.1
	−0.66
	570,000
	n.a.
	n.a.
	Stable at pH3–7

Fast at pH9
	[13,14]



	
	▪

	
Thiacloprid






	[image: Environments 10 00206 i006]
	111988-49-9
	252.72
	n.a.
	1.26
	184
	8–28

(stable)
	10–63

(stable)
	n.a.

(stable)
	[13,14]



	
	▪

	
Thiamethoxam






	[image: Environments 10 00206 i007]
	153719-23-4
	291.71
	n.a.
	−0.13
	4.1
	31–40

(stable)
	2.7–39.5

(moderately fast)
	11.5

(stable)
	[13,14]



	
	▪

	
Cycloxaprid






	[image: Environments 10 00206 i008]
	1203791-41-6
	322.75
	3.42
	n.a.
	1616.19
	n.a.
	n.a.
	n.a.
	[15]








However, NEOs pose threats to human health and ecological security. Iturburu and colleagues reported that NEOs such as imidacloprid can cause DNA damage in fish tissue [16]. Other studies have shown that communities’ terrestrial invertebrates such as ants, dragonflies, and mayflies could be damaged and social behaviour can be changed in ants due to exposure to NEOs [17,18]. Additionally, the embryotoxicity of thiacloprid to mice and rabbits was proven [19,20]. Between 1994 and 2011, the detection rate of NEOs in the urine of Japanese women increased significantly [21], and it was discussed that exposure and long-term accumulation of NEOs in the human body may pose a potential endocrine disruption risk to human health. Additionally, it was reported that children with prenatal exposure to imidacloprid had a slightly higher rate of autism disorder (ASD) than the control group [22]. Also, Chen and colleagues found that continued exposure to NEOs can lead to cardiovascular effects, mental disorders, and neurodegenerative diseases, because the increased concentration of NEOs is most likely to affect target lipids and fat in tissues and cells [23]. Moreover, Zhang’s team also reported that NEOs were frequently detected in the teeth and the relevance between the exposure to NEOs and periodontitis [24].



Neonicotinoid pesticides have high water solubility and a long half-life in soil, and they can easily be transported to surface waters [25,26]. Thus, NEOs and the corresponding ecological risks have been reported in developed countries and regions such as the United States, Canada, Japan, and the European Union [25].



According to the previous studies, emerging neonicotinoid pesticides (NEOs) have been continuously detected in water bodies in different countries and regions throughout the year [27,28]. NEOs ranging from 10 to 1000 ng L−1 have been reported in the Netherlands, Spain, Canada, and the United States [5]. As high as 10 µg L−1 and 100 µg L−1 of nicotinic insecticides have been reported in some urban suburbs and remote rural areas in the Eastern United States and Canada. Such high concentrations pose a significant and serious threat to local bee and bird populations [29]. The highest levels of NEOs were found in the Netherlands, where concentrations of imidacloprid were detected in surface water ranging from 0.001 to 320 µg L−1 [30,31,32], which is much higher than the standard set by the Dutch government [32]. In addition to the contamination detected in the raw water source, the levels of imidacloprid detected in the finished water extracted from the water treatment plant are also of interest to researchers [33]. Some studies have found that the concentration of NEOs (e.g., imidacloprid) in treated drinking water can still reach up to 240 µg L−1, which is consistent with that in surface water near the water treatment plants [34]. In 2018, Napierska and colleagues highlighted that neonicotinoids (imidacloprid, thiacloprid, thiamethoxam, clothianidin, and acetamiprid) had been listed on the Watch List under the Water Directive of the European Commission for further monitoring [35].



In 2013, the use of clothianidin, imidacloprid, and thiamethoxam for seed treatment was restricted, and in 2018, the outdoor use of these NEOs was phased out by the EU Commission [35,36]. Additionally, in Canada, nationwide restrictions have been implemented to protect aquatic species and honeybees by limiting the use of clothianidin, imidacloprid, and thiamethoxam [37]. Due to the frequent observation of the ecological risks [33], the USA implemented restrictions on the use of clothianidin, imidacloprid, and thiamethoxam, while France enacted a ban on acetamiprid (ACE) and thiacloprid (THA) [35,38].



A total of 173 relevant studies on monitoring NEOs concentrations were conducted in 120 countries between 1998 and 2022. These studies found that the detection frequency of NEOs was notably high in developed countries, including the USA, Canada, the EU, and Japan [39]. In the USA, concentrations of acetamiprid, clothianidin, imidacloprid, and thiamethoxam ranged from 8 to 202 ng L−1. Between 2004 and 2011, the detection trends for imidacloprid increased in both finished and untreated water samples [40].



A monitoring study conducted on 38 streams in the USA between 2012 and 2014 revealed concentration ranges of thiamethoxam, imidacloprid, acetamiprid, and clothianidin of 0–190 ng L−1, 0–142 ng L−1, and 0–45.6 ng L−1, respectively [27]. In the selected Canadian watersheds in 2016, the concentrations for thiamethoxam, imidacloprid, acetamiprid, and clothianidin reached very high levels, ranging from n.d. to 1607 ng L−1, n.d. to 1333 ng L−1, n.d. to 109 ng L−1, and n.d. to 778 ng L−1 [41].



Eight downstream areas of rivers and estuaries in the Indramayu Regency found high detection frequencies of imidacloprid and thiamethoxam, reaching levels of 75% and 62.5%, with mean concentrations of 8.75 and 7.13 ng L−1, between November 2020 and August 2021 [42]. During 2009–2010, the median concentrations of thiamethoxam, imidacloprid, acetamiprid, and clothianidin were 2.65, 5.55, 1.4, and 3.2 ng L−1, respectively, in Osaka rivers of Japan [43].



Moreover, it was noted that imidacloprid and thiamethoxam were frequently detected in watersheds, with concentration ranges of 5 ng L−1 to 43 ng L−1 and 6 ng L−1 to 43 ng L−1, respectively, in seven sampling campaigns in Poland from 2017 to 2018 [44].



Due to the numerous monitoring studies having been conducted, the maximum impact concentrations (MICs) of neonicotinoid are available in approximately 93% of the global agricultural areas [39]. Among the obtained MICs, 96.7% were sampled from freshwater systems, while the MICs of neonicotinoids in estuaries were scarce [39].



Neonicotinoid pesticides (NEOs) possess threats to ecology and human heath globally, and China has been conducting similar investigations, covering lakes, rivers, and tributaries near agricultural regions in the northeast and the south [13,45,46]. These studies not only monitor the presence and distribution of NEOs but also provide insights into the corresponding ecological and human exposure risks in these regions. However, public attention and concern regarding this matter remain insufficient, highlighting the pressing need to bridge this knowledge gap and implement potential environmental management strategies [6]. In response to this situation, this study mainly focuses on the NEOs monitoring cases in China and reviews and synthesises these Chinese studies to raise public awareness and concerns about the occurrence of NEOs and the resulting potential health and ecological risks.




2. Analytical Methods and Regulations for Neonicotinoid Pesticides


2.1. Multiple National Regulations


The USEPA proposed an interim decision for managing the use of acetamiprid, clothianidin, dinotefuran, imidacloprid, and thiamethoxam. This proposal involves reducing the amount of neonicotinoid pesticides (NEOs) used on crops associated with ecological risk, implementing requirements for personal protective equipment to minimise occupational risks, and placing restrictions on applying NEOs to blooming crops to limit exposure to bees and birds. Additionally, there is an effort to educate homeowners about using fewer NEOs and a plan to phase out NEOs applications on residential turfs [47].



The initial regulatory action concerning the use of imidacloprid, clothianidin, and thiamethoxam in seed coating and other outdoor applications was introduced in Europe in 2013 (EC485/2013) [36,48]. Subsequently, these restrictions were reinforced in 2018 to limit the marketing authorisation of imidacloprid, clothianidin, and thiamethoxam through Commission Implemented Regulations 2018/783, 2018/784, and 2018/785 [36,48]. However, in the third version of the EU Watch List (EU 2020/1161), NEOs were not listed, and certain countries, including Austria, Belgium, Croatia, Denmark, Finland, France, Lithuania, Poland, Romania, Slovakia, and Spain, have permitted the ‘emergency use’ of banned neonicotinoids for major crops, particularly in seed coating for sugar beets [49]. Nevertheless, the regulatory and restriction efforts persist from EC countries; for instance, the renewal of the approval of thiacloprid was rejected, aligning with the scientific advice provided by the European Food Safety Authority (EFSA), which highlights the substantial health and environmental concerns associated with NEOs [36,48].



The Canada Council reported that NEOs, such as imidacloprid, could pose ecological risks to local honeybee and bird communities. The Canadian Pest Management Regulatory Agency (PMRA) published their final pollinator re-evaluation decisions for the three registered NEOs in Canada, banning some other NEOs applications and implementing mitigation measures. In 1999, France banned the application of neonicotinoids on sunflowers and, in 2004, on corn [38]. The application of thiamethoxam on rapeseed has also been restricted since 2012. In 2016, the French government adopted a bill to ban the application of NEOs in plant protection, which was implemented in 2018 [38]. The Netherlands also regulated the use of imidacloprid, setting an Annual Average Environmental Quality Standard (AA-EQS) of 0.067 μg L−1 and a maximum acceptable concentration environmental quality standard (MAC-EQS) of 0.2 μg L−1 [31]. While the UK had previously approved the use of five NEOs, only acetamiprid currently has approval for use, following the EC’s updated regulations in 2018 [50]. Australia has recently taken action to assess the environmental risk of NEOs on non-target species and minimise the potential risks by specifying use patterns and safety directions [51]. In 2019, the Australian Pesticides and Veterinary Medicines Authority (APVMA) initiated a review process to assess approved active constituents and products containing neonicotinoids. This review aimed to ensure compliance with safety standards related to both human health and ecological security [52]. The regulatory threshold levels (RTLs) for these five countries/regions are listed in Table 2. It is important to note that the regulation of NEOs has not yet commenced in most parts of the world, especially in developing countries.



In China, the maximum residual levels (MRLs) of NEOs in agricultural products are established; the MRLs of acetamiprid, clothianidin, and thiacloprid are 2 mg kg−1, 0.4 mg kg−1, and 0.7 mg kg−1, respectively. Based on the toxicity reference value from the combined results of the Hazard Quotients (HQs) method and Probabilistic Risk Assessment (PRA), one study proposed regulatory values of the surface water quality of NEOs in China: acetamiprid, 0. 04 μg L−1; clothianidin, 0. 22 μg L−1; imidacloprid, 0. 01 μg L−1; and thiamethoxam, 0. 24 μg L−1 [53]. However, China currently lacks water quality criteria (WQC) of neonicotinoids, though the Netherlands, Germany, the USA, and Canada have established water quality guidelines (WQGs) or WQC for NEOs. Li (2023) reported that there are no WQC for IMI, which is one of the commonly used NEOs. It was also highlighted by Chen (2019) that the safety use and monitoring studies of NEOs are very scarce [54,55]. In view of the above statements, the monitoring studies of NEOs in China are in high demand to provide further referential information and for the establishment of WQC of NEOs in China.





 





Table 2. Regulatory threshold levels of NEOs in different countries.
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Countries

	
RTL (μg L−1)

	
Acetamiprid

	
Clothianidin

	
Dinotefuran

	
Imidacloprid

	
Thiacloprid

	
Thiamethoxam

	
References






	
EU

	
Short-term

	
0.3667

	
3.1

	
n.a. 1

	
0.098

	
0.0912

	
0.14

	
[39]




	

	
Long-term

	
0.3667

	
3.1

	
n.a.

	
0.009

	
0.45

	
1




	
USA

	
Short-term

	
1.6555

	
1.77

	
4.915

	
0.0385

	
18.9

	
3.535

	
[39]




	

	
Long-term

	
0.36

	
0.05

	
3.1

	
0.01

	
0.97

	
0.74




	
Canada

	
Short-term

	
12

	
1.3

	
n.a.

	
0.54

	
20.35

	
9

	
[39]




	

	
Long-term

	
5000

	
0.12

	
n.a.

	
0.16

	
0.68

	
3




	
Netherland

	
Short-term

	
n.a.

	
n.a.

	
n.a.

	
0.067

	
n.a.

	
n.a.

	
[31]




	

	
Long-term

	
n.a.

	
n.a.

	
n.a.

	
0.2

	
n.a.

	
n.a.




	
Germany

	
Short-term

	
n.a.

	
n.a.

	
n.a.

	
0.0024

	
n.a.

	
n.a.

	
[56]




	

	
Long-term

	
n.a.

	
n.a.

	
n.a.

	
0.1

	
n.a.

	
n.a.








1 Indicates not available.












2.2. Analytical Methods of NEOs in Surface Water and Drinking Water


It is crucial that most monitoring studies involve the establishment of analytical methodologies for neonicotinoids, encompassing both the parent compounds and derivative metabolites/by-products. Sample pretreatment is especially important due to the complexity of matrices and the low concentrations of residual analytes [57].



Solid-phase extraction (SPE) stands as one of the most popular methods for sample pretreatment, involving the extraction of target analytes and the removal of complex matrices. The advantages of SPE include high enrichment factors, flexible sorbent selection, ease of use, and speed. This technique has found wide applications in extracting neonicotinoid insecticides from various environmental and human metabolic media, such as water, soil, sediments, dust, food, vegetables, blood, urine, and plasma. Over time, various novel SPE techniques have been introduced in analytical experiments, such as dSPE, MSPE, MSPD, and SPME. Consequently, SPE has become a prevalent technique for isolating neonicotinoid insecticides from complex matrices [57,58].



Regarding the analytical apparatus, high-performance liquid chromatography (HPLC) coupled with mass spectrometry (MS), HPLC-MS, is the prevalent technique for simultaneously detecting multiple neonicotinoids and their metabolites. Currently, this method has evolved into different detection techniques, including UV, DAD, MS, immunoassay, optical, and electrochemical methods [58].



The recorded methods in Table 3 and Table 4 are those adopted for various neonicotinoid pesticides (NEOs) monitoring in the Chinese studies considered. It can be seen that the primary approaches for analysing NEOs in surface water and drinking water are SPE and HPLC-MS (Table 3 and Table 4). However, it is worth noting that the liquid–liquid extraction method could also serve as a viable sample pretreatment technique [59]. In most mainstream studies, water samples are initially collected and subsequently analysed in the laboratory. The introduction of the Polar Organic Chemical Integrative Sampler for on-site collection and NEOs extraction in surface water represents a novel avenue for future monitoring studies. The utilisation of isotope internal standards was a common practice to ensure the accuracy of measurements in the reported studies.





3. Occurrence and Distribution of Neonicotinoid Pesticides in Water


3.1. Surface Water of Taihu Lake


Taihu Lake, China’s third-largest freshwater lake, is connected to the Yangtze River downstream. The land surrounding the Taihu District is characterised by complex land use, including agricultural cultivation, industrial activity, and urban development. Consequently, the lake has been significantly polluted by wastewater discharge from agricultural land, industrial plants, and residential areas, flowing through waterways and rivers within the district. Notably, Taihu Lake serves as a crucial water source for approximately six million people and numerous aquatic communities. Given its importance, water contamination has direct implications for public health and local ecological security.



Neonicotinoid pesticides (NEOs) have been extensively manufactured and used in the region. However, there is a lack of information concerning residual neonicotinoids in the surface water of Taihu Lake and the connected Yangtze River runoff. Particularly, the well-developed agriculture in the Wujin District is surrounded by arable lands, stocking areas, and fisheries. To address this knowledge gap, studies were conducted by two research teams from 2018 to 2020, focusing on the occurrence, spatial–temporal distribution, and ecological risk assessment [6,45].



In 2018, Zhou et al. conducted research to understand the spatial distribution of neonicotinoid pesticides (NEOs) in watersheds of the Wujin District [45]. They utilised Kriging interpolation modelling in conjunction with collected data. The specifics of the NEOs occurrence are recorded in Table 5. An ecotoxicological risk assessment was carried out using the risk quotient (RQ) index method. Acetamiprid, imidacloprid, and thiamethoxam were detected across all four seasons, with high detection rates of 90% for acetamiprid and 88% for imidacloprid. Notably, the maximum concentration of imidacloprid reached 36 ng L−1 in March, 438 ng L−1 in June, and 290 ng L−1 in autumn, surpassing the freshwater guideline value of 230 ng L−1 [45]. Comparing it with the other neonicotinoids, it can be inferred that imidacloprid is the most frequently used in Wujin District.



The levels of imidacloprid on the Wujin District’s water surface were found to be higher than those detected in Forester Creek, California, USA, and Pearl River in the south of China. However, the study did not show significant ecotoxicological risks in the heavily polluted Wujin watershed; the RQ values for acetamiprid, imidacloprid, and thiamethoxam were all less than 0.1.



According to a subsequent study by Wang and colleagues [6], the detection frequencies for acetamiprid, clothianidin, imidacloprid, and thiamethoxam were 100%, 48%, 97%, and 83%, respectively. Among all the NEOs, imidacloprid demonstrated the highest median concentration at 31 ng L−1 (shown in Table 5).



Utilising an ecological risk assessment through the risk quotient (RQ) method, the study found that imidacloprid had RQ median values of 7.1, 6.1, 3.7, and 2.6 in the four seasons of the year, respectively. Furthermore, the risk index (RI) method results indicated an RI value of 6.7 for imidacloprid. These findings collectively suggest a high risk posed by imidacloprid to the aquatic community. Additionally, acetamiprid and clothianidin were identified as having a moderate to high ecological risk.



Both Zhou and Wang’s studies demonstrated that the detection rate of imidacloprid was the highest among all the detected target NEOs. They also observed a similar trend where the detected concentration of IMP was higher in autumn compared to spring. Consequently, the pattern and temporal distribution of NEOs pesticide usage followed the same trend in both studies. However, the results of the RQ risk assessment in the two studies differed. Zhou’s study reported that the imidacloprid in the water samples exhibited no ecotoxicity [45], whereas Wang’s study reported that imidacloprid in the water samples posed a high ecological risk to the aquatic community (RQ median > 1) [6]. The potential reason for this disparity could be that Zhou’s sampling areas were mainly concentrated around urban areas, while Wang’s sampling area included a large agricultural zone. Since the use of neonicotinoids is typically higher in agricultural districts than in urban ones, the corresponding toxicity risk may increase with the growing use of pesticides.




3.2. Surface Water of the Pearl River


Since the Pearl River flows through highly populated metropolitan areas, including Guangzhou, Dongguan, Shenzhen, and Hong Kong, as well as other surrounding towns, it serves as the most crucial water source for producing drinking water and supporting industrial, agricultural, and forestation activities [13,60]. Consequently, surface water contamination in the Pearl River is primarily attributed to emissions from industrial and agricultural sources. Neonicotinoid consumption in this area is increasing, with considerable amounts potentially being discharged into the soil, water, and sediments of the Pearl River due to recent forestation and crop cultivation. Imidacloprid, thiamethoxam, clothianidin, acetamiprid, and thiacloprid are five typical neonicotinoid insecticides widely applied across both rural and metropolitan areas, including Guangzhou, Dongguan, Shenzhen, and Hong Kong, all of which are situated along the important drinking water source of the Pearl River [25,60]. While only a few studies have been conducted in response to the deterioration and contamination caused by neonicotinoids in the Pearl River, three pioneering research efforts were conducted simultaneously during the period of 2018–2019, and they are summarised below.



In the study conducted by Xiong et al., the urban waterways of Guangzhou were chosen as the representative site due to their intensive agricultural and industrial activities [13,25,46]. It was reported that acetamiprid, clothianidin, and imidacloprid were detectable in all samples. The total concentration of neonicotinoid insecticides (NEOs) for each site ranged from 73.1 ± 6.9 to 375 ± 78 ng L−1, with a mean of 169 ± 89 ng L−1 (Table 5) [25]. The primary source of NEOs is derived from practices in vegetable planting fields and sewage treatment plants. The probabilistic ecological risk assessment (ERA) approach was applied based on the construction of environmental exposure distributions (EEDs) to assess the aquatic risk of NEOs after long-term exposure. In Guangzhou, acetamiprid, clothianidin, imidacloprid, and thiamethoxam exceeded the interim chronic threshold of 35 ng L−1 for NEOs by 63.5%, 16.2%, 87.8%, and 17.2%, respectively [67]. It was suggested that the residues of NEOs in the urban waterways of the Pearl River posed a long-term risk to aquatic organisms.



In a study conducted by Zhang and colleagues from 2018 to 2019, water samples were collected from 49 sites across the Pearl River in Guangdong, as well as from the outlets of three wastewater treatment plants during both spring and summer [60]. Five neonicotinoid pesticides (NEOs) were detected in all 49 sampling sites along the Pearl River. The detection rates for imidacloprid, thiamethoxam, clothianidin, acetamiprid, and thiacloprid were 83–100%, 100%, 100%, 100%, and 39–91%, respectively, in the four tributaries of the Pearl River (Table 5) [60]. Among the NEOs detected in the Pearl River, imidacloprid, thiamethoxam, and acetamiprid were the three dominant species. When compared to previously reported cases of NEOs occurrences around the world, the levels of imidacloprid, thiamethoxam, and acetamiprid in the Pearl River were significantly higher than those reported in other highly contaminated areas, such as the rivers of Osaka (Japan) [40], the Guadalquivir River Basin (Spain), the Sydenham River in Canada, and various streams across the United States [60]. Concentrations of NEOs in surface water during the summer were higher than those in the spring. Due to the frequent rainfall during the summer, NEOs tended to dissolve and transfer from soil and sediment to water by soil erosion. NEOs applications in various farming lands temporally varied with the growing season of crops due to the specific characteristics of crops in different tributaries of the Pearl River.



The probabilistic ecological risk assessment (ERA) approach and ecological guidelines provide a chronic risk guideline for NEOs at 35 ng L−1 and an acute risk guideline at 200 ng L−1 [33]. Across the Pearl River system, during the spring season, 87.5% of the sampling sites in the Beijiang Tributary, 69% of sampling sites in the Xijiang Tributary, and 66.7% of sampling sites in the Dongjiang Tributary exceeded the chronic risk threshold (35 ng L−1), while, in the summer, 100% of these three sampling sites exceeded the chronic risk guideline [60]. These findings suggest that there is potentially an ecological risk to the local aquatic species and invertebrates.



Guangzhou is a developed and densely populated city in China. The long-term industrialisation in urban and surrounding areas has led to the extensive use of neonicotinoid pesticides (NEOs), resulting in the severe discharge of NEOs into the soil and water. Therefore, research was conducted by Yi et al. from 2017 to 2019 [13]. In this study, high levels of NEOs were reported, with detection frequencies of approximately 100% for imidacloprid, thiamethoxam, clothianidin, and acetamiprid and a detection frequency of 92.9% for thiacloprid in surface water [13]. The total amount of five NEOs in surface water ranged from 92.6 to 321 ng L−1, with a geometric mean of 174 ng L−1. Imidacloprid accounted for 35% of the total NEOs detected, ranging from 40 to 154 ng L−1. In most cases, the detected levels of NEOs were comparable to or even beyond the levels detected in previous studies in Japan and Canada [13].



A correlation analysis was conducted to understand the impact of the water quality on the distribution and occurrence of neonicotinoid pesticides (NEOs) in surface water [13]. Water quality parameters such as temperature, pH, dissolved oxygen, and redox potential were correlated with the levels of NEOs in the water. Temperature had a significant effect on the total NEOs levels, although this effect was not consistent for each individual NEO. It was observed that the degradation half-life (DT50) for imidacloprid and thiamethoxam decreased with an increase in the pH, indicating the two NEOs are more degradable and mobile under alkaline conditions compared to neutral and acidic conditions [13]. Clothianidin, on the other hand, showed minimal sensitivity to changes in the pH. Additionally, higher dissolved oxygen (DO) levels were found to stimulate the transformation of NEOs in water. A significantly positive correlation between the nitrogen and phosphate levels and NEOs indicates that nitrogen and phosphate are common sources of NEOs in the Guangzhou section of the Pearl River [13].



Furthermore, it was observed that the western and front river routes of the Guangzhou section of the Pearl River experienced more severe neonicotinoid contamination, approximately two times higher in surface water, compared to the rear river route. Based on the results of the probabilistic ecological risk assessment (ERA), it was suggested that the NEOs levels at all 14 sampling sites along the Pearl River exceeded the threshold for long-term risk, and 42.9% of the sampling sites exceeded the threshold for short-term acute risk [13].




3.3. Surface Water of the Yangtze River


The Yangtze River, which is the longest river in China and serves as the vital national water source, flows across the southern region of the nation. Information regarding NEOs contamination and the resulting human health and ecological risks in the central part of the Yangtze River has been limited. Therefore, Mahai and colleagues conducted an investigation into NEOs contamination in the Central Yangtze River, spanning from Zhijang to Wuhan [57].



The investigation revealed that acetamiprid, imidacloprid, and thiamethoxam were the dominant NEOs in the water samples (refer to Table 5). The detection frequency of acetamiprid (100%), imidacloprid (100%), and thiamethoxam (95%) in the water samples was the highest, followed by THCP (87%), NTP (73%), and clothianidin (64%) [57]. Additionally, the median concentration of these six NEOs followed this order: imidacloprid (4.37 ng L−1) > acetamiprid (2.5 ng L−1) > thiamethoxam (1.10 ng L−1) > NTP (0.34 ng L−1) > clothianidin (0.1 ng L−1) > THCP (0.02 ng L−1) [57]. It was suggested that this situation could be attributed to the mainstream manufacturing and consumption of acetamiprid, imidacloprid, and thiamethoxam up to the year 2015 [57]. DM-acetamiprid, the metabolite of acetamiprid, was detected in 88% of the water samples, and the concentration of DM-acetamiprid (0.22 ng L−1) was ten times lower than that of acetamiprid. The detected levels of NEOs in the Central Yangtze River were higher than those found in various other countries and regions, such as the Chieng Khoi Watershed in Vietnam, the Guadalquivir River in Spain, Sydney in Australia, and seven stream basins in Iowa, USA. Notably, the levels of acetamiprid in this study [57] were higher than those reported in most other countries, including Japan, the USA, and Portugal.



As shown in Table 5, there are variations in the concentrations of individual NEOs, with higher levels detected in the summer compared to spring, consistent with the results obtained from the Pearl River in China [57]. This could be attributed to the increased mobility of NEOs in surface water runoff and soil during the high precipitation of summer [63].



The risk quotient (RQ) method was employed to assess the potential ecological risks of the detected NEOs, and the RQs of all six NEOs were found to be lower than 0.1, indicating a low risk to the aquatic system.



In addition, Wan and colleagues (2019) investigated the occurrence of NEOs in the Yangtze River and Han River [61]. There are seasonal variations in the occurrence of NEOs in raw water sources; the total NEOs, imidacloprid, clothianidin, dinotefuran, and thiacloprid showed higher concentrations in July compared to May [61]. Moreover, greater levels of NEOs were observed in the Han River than in the Yangtze River. The median level of NEOs in the Han River exceeds the ecological threshold (for long-term exposure) of 35 ng L−1, indicating an ecological risk to aquatic species [61]. The high contamination of NEOs in the Han and Yangtze Rivers is primarily caused by the extensive usage of NEOs in the areas surrounding the rivers, the high transport of NEOs from agricultural lands, and deficiencies in their removal at drinking water treatment plants [61]. Due to the prolonged persistence of NEOs, the consumption of drinking water is recognised as the most direct pathway for human exposure to NEOs [61,62]. The demand for monitoring NEOs in drinking water sources is increasing as potential health concerns arise. Recent studies have reported the presence of NEOs in drinking water worldwide. However, investigations into NEOs in drinking water sources in China and their consumption remain relatively limited. This includes assessing occurrences across China and different exposure routes (oral intake, inhalation, and dermal absorption/percutaneous penetration). Only a few studies have been completed in recent years.




3.4. Surface Water of the Bohai Sea


Many previous studies have investigated neonicotinoid pesticides (NEOs) in the water and sediments of natural freshwater systems, but information about NEOs occurring in seawater is scarce. The Bohai Sea area comprises Liaodong Bay, Bohai Bay, and Laizhou Bay, surrounded by Liaoning Province, Hebei Province, Shandong Province, and the Tianjin municipality. As a result of industrialisation and agricultural activities, there has been a significant increase in water pollution in coastal and river systems, primarily due to the large populations residing in these areas. Specifically, NEOs are considered persistent compounds in water and sediments, which can be discharged into the coastal area, but there is limited knowledge about the ecological risk assessment of NEOs in seawater systems. To address this gap, Naumann and co-workers launched a project to monitor the occurrence of NEOs and conduct ecological risk assessments in the Bohai Sea and the surrounding river systems [62].



Generally, the rivers and tributaries surrounding Bohai and Laizhou Bays were the most contaminated areas, while the rivers flowing into the Bohai Strait and North Yellow Sea exhibited relatively low levels of NEOs. The detected levels of NEOs in Bohai were higher in the summer than in autumn, primarily due to the greater quantity of neonicotinoids applied in the fields during spring and summer. In Laizhou Bay, the detected levels of NEOs in the summer were higher than those detected in the winter, mainly attributed to point sources from the manufacturing of neonicotinoid pesticides around the cities of Laizhou Bay [62].



Regarding individual NEOs, it was observed that acetamiprid, clothianidin, imidacloprid, and thiamethoxam were significantly higher in the summer than in the winter, reflecting that these NEOs are predominantly used pesticides in agricultural activities surrounding the coastal area of the Bohai Sea. Acetamiprid was the most abundant individual NEO, with a detection frequency reaching as high as 100% in both summer and autumn [62]. Acetamiprid was the only NEO detected in all rivers and seawater samples from the summer and fall in 2018. The high detection frequency indicates the intense usage of NEOs in the study area and the persistence of acetamiprid in natural water bodies.



For the classic, well-established NEOs, clothianidin and imidacloprid were frequently detected in the rivers but rarely in the seawater samples. For the novel NEOs, fipronil and fipronil-sulfone detection were negligible in seawater compared to their frequent detection in river water [62]. A reasonable explanation could be the dilution and degradation of NEOs, along with adsorption into the riverbeds. The study suggested that the degradation of the NEOs was potentially influenced by water temperature and the proportion of transmitted sunlight [62].



A fingerprint analysis was conducted using the approach adopted by the USEPA. The results showed a high homogeneity of contamination sourced from agricultural activities with the application of numerous well-established NEOs. Only the NEOs manufacturing industries around Laizhou Bay were identified as particular point sources during autumn and winter. Therefore, it was concluded that riverine discharges are the main source of contamination in the Bohai Sea, and diffuse sources are the primary contributors to river contamination [62].



The ecological risk to aquatic species was assessed using the risk quotients (RQs) method based on the European technical guidance document on risk assessment (EC 2003) [62]. The ecological risk assessment was estimated to be medium to high, based on the results of the RQs assessment. Fipronil and its transformation products were classified as having a medium to high potential risk, primarily based on freshwater standards and criteria [62]. It is required to carry out further investigations of the impact of NEOs on marine organisms.




3.5. Surface Water of the Songhua River


Previous studies on water contamination in the Songhua River primarily focused on heavy metals, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, antibiotics, and other pollutants. However, the contamination of neonicotinoid pesticides (NEOs) in the Songhua River remains unknown [63]. To address this knowledge gap, Liu and colleagues conducted a comprehensive investigation of NEOs occurrence in the Harbin section of the Songhua River, including the mainstream and four tributaries [63]. They detected seven NEOs species in the surface water, with concentrations ranging from 30.8 to 135 ng L−1. Notably, the detection frequencies of imidacloprid, thiamethoxam, clothianidin, and acetamiprid in the surface water were very high, reaching 100%. Imidacloprid and thiamethoxam were the dominant NEOs species, with median concentrations of 41.4 ng L−1 and 62.3 ng L−1, respectively (Table 5) [63]. The combined concentrations of imidacloprid and thiamethoxam accounted for over 80% of the total NEOs in the different samples. In comparison, the NEOs concentrations in the Harbin section of the Songhua River were much higher than those reported in the Yangtze River and the Guangzhou section of the Pearl River [63]. Furthermore, the NEOs concentrations in the mainstream surface water were higher than those detected in the surface waters of the tributaries, suggesting that pollutants from the tributaries were the source of NEOs contamination in the mainstream surface water. To assess the aquatic ecological risk, the species sensitivity distribution (SSD) model was applied. The concentration of imidacloprid-equivalent residue (IMIeq) in the mainstream was lower than the acute hazardous concentration for 5% of the species values (HC5), while, in most of the tributaries, it exceeded the chronic HC5. The risk potency factor (RPF) method was used to estimate human exposure by comparing the calculated estimated daily intake (EDI) values with the threshold reference dose (RfD) value [63]. Among all the age groups, thiamethoxam had the highest intake, indicating the greatest risk compared to the other NEOs. Infants had the highest EDI, followed by toddlers, children, teenagers, and adults. The high intake of NEOs in infants could be attributed to their higher food and fluid consumption per unit of body weight compared to the other age groups. It is worth noting that the estimated maximum total IMIeq EDI (31.9 ng/kg in infants) was three orders of magnitude lower than the threshold provided by the USEPA (57,000 ng kg−1 bw.d−1) [63]. However, the intake via nondietary ingestion, inhalation, and dermal contact was underestimated, potentially affecting the data on human exposure to NEOs [63].




3.6. Drinking Water of the Cities of Wuhan and Hangzhou


Wan and colleagues (2019) investigated the occurrence of NEOs in the drinking water of Wuhan (Table 6) [61]. Despite the conventional treatment process involving aeration, coagulation, flocculation, sedimentation, sand filtration, and chlorination, there was a deficiency in removing NEOs from finished drinking water. The median concentration of acetamiprid was reduced from 5.14 ng L−1 to 3.08 ng L−1, and the median concentration of thiacloprid was reduced from 0.05 ng L−1 to 0.04 ng L−1 [61]. Only 40% of acetamiprid and 20% of thiacloprid were removed, with negligible removal of the remaining NEOs. In most cases, the observed NEOs levels in drinking water were comparable to those detected in the USA and Canada [61]. There was seasonal variations in the median NEOs concentrations, with the highest median NEOs levels (96.2 ng L−1) observed in July, followed by those in May (30 ng L−1), October (10.2 ng L−1), and January (4.41 ng L−1), which attributed to the most intensive application of insecticides and the highest water flow during that month [61].



An exposure assessment was conducted using the estimated daily intake (EDI) method, which calculated the imidacloprid-equivalent residue (IMIeq) and daily water ingestion rate (WIR) for different age groups. The results were then compared to the lowest reference dose (RfD) for the final evaluation. Infants were identified as the most susceptible group compared to the other age groups, with the NEOs intake by infants being approximately four times higher than that of adults [61].



The maximum EDI of the total NEOs or IMIeq through drinking tap water was lower than the reference dose (RfD) by two or three orders of magnitude. However, the increasing trend of NEOs in drinking water continues to raise concerns on many fronts [61].



Furthermore, Lu and colleagues conducted a study on the occurrence of neonicotinoid insecticides (NEOs) in Hangzhou City, Zhejiang Province. In household tap water, acetamiprid and IMI were the most frequently detected NEOs in the tap water samples, with detection frequencies of 83% and 82%, respectively [59]. It was observed that the NEOs levels decreased from the source water through the water treatment plant to household tap water. Unlike the results observed in a previous study [68], the current drinking water treatment processes were found to remove over 50% of NEOs.



The risk potency factor (RPF) method was applied for exposure and risk assessment, and a Monte Carlo simulation was used to calculate the chronic daily intake (CDI) of total NEOs. The maximum CDIs were 10.2 and 12.4 ng kg−1 in the present study, with the CDIs for children being higher than those for adults. However, the maximum CDI was three orders of magnitude lower than the acceptable daily intake (ADI) or reference dose (RfD) for imidacloprid, indicating a low health risk. When compared to the daily intake from consuming fruits and vegetables in a previous study [59], it was concluded that exposure to NEOs through the consumption of fruits and vegetables is higher than through the drinking water route.




3.7. Drinking Water of China Nationwide


He and co-workers also conducted a study to investigate the occurrence of neonicotinoid pesticides (NEOs) in drinking water in China (Table 6) [64]. The study found that NEOs were ubiquitous in the tap water collected from 38 cities. Among them, six targeted NEOs were detected with high detection frequencies from 86% (thiacloprid) to 99% (imidacloprid) [64]. Based on the median of the detected NEOs concentrations, the concentrations of NEOs followed the trend of imidacloprid (7.59 ng L−1) > clothianidin (5.46 ng L−1) > dinotefuran (4.55 ng L−1) > thiamethoxam (4.50 ng L−1) > acetamiprid (2.72 ng L−1) > thiacloprid (0.38 ng L−1). The total concentration of the six NEOs was 25.4 ng L−1 [64].



Higher concentrations of NEOs were found in Eastern, Southern, and Southwestern China compared to those observed in Northern and Northwestern China. This difference could be attributed to pesticide usage patterns in China, with the results indicating an increasing trend from north to south across the country.



The NEOs exposure risk was assessed using the risk quotient (RQ) approach. Age groups were categorised based on the Fourth China Total Diet Study, including 2–7 year olds, 8–12 year olds, 13–19 year olds, 20–50 year olds, 51–65 year olds, and those over 60 years old [64]. It was observed that the estimated daily intake (EDI) of individual NEOs decreased with increasing age. Among all the age groups, the EDI of imidacloprid was the highest, followed by the EDIs of clothianidin, thiamethoxam, and dinotefuran [64].



Furthermore, Mahai and colleagues conducted a nationwide investigation into the occurrence of NEOs in tap water (Table 6) [65]. Among all the tap water and groundwater samples, acetamiprid had the highest detection frequency at 93%, followed by imidacloprid (82%), clothianidin (69%), and thiamethoxam (66%) [65]. In all the tap water samples, the dominant NEOs were acetamiprid, imidacloprid, clothianidin, thiamethoxam, DM-acetamiprid, imidacloprid-urea, and DN-imidacloprid, all with detection frequencies greater than 60% [65].



It was observed that clothianidin was positively correlated with thiamethoxam (p < 0.001), consistent with the results obtained from previous studies [65]. This correlation is primarily attributed to the generation of clothianidin from the transformation of thiamethoxam in water. The highest concentrations of NEOs were found in surface-derived tap water, followed by groundwater and deep groundwater-derived tap water. The pattern of NEOs contamination was as follows: South China (ENEOs = 27.6 ng L−1) > Central China (ENEOs = 8.07 ng L−1) > East China (ENEOs = 7.39 ng L−1) > Southwest China (ENEOs = 3.28 ng L−1) > Northeast China (ENEOs = 1.16 ng L−1) > Northwest China (ENEOs = 0.20 ng L−1) [65]. Clothianidin, imidacloprid, and thiamethoxam were the predominant NEOs in South China, Central China, and Southwest China, while acetamiprid, imidacloprid, and thiamethoxam were the major NEOs in East China and Northeast China [65]. Acetamiprid and imidacloprid were the most significant NEOs in Northwest China and North China. The NEOs registered in China are primarily used for rice and wheat, with relatively smaller amounts used in other crops [65]. Therefore, provinces that predominantly plant rice and wheat tend to have higher NEOs contents in their drinking water, while regions mainly planting corn and other crops tend to have lower NEOs contents. The risk quotient (RQ) method was applied to assess the cumulative human exposure to the total NEOs [65].



In addition, Zhang and colleagues conducted a similar study on the occurrence of neonicotinoid pesticides (NEOs) in drinking water (Table 6) [66]. The most frequently detected NEO was imidacloprid, with a detection frequency of 83.6%, followed by clothianidin (80.1%) and acetamiprid (78.1%) [66]. Except for thiacloprid (24.0%), the detection frequencies of the other NEOs were higher than 60%. The geometric mean (GM) concentrations of the NEOs detected in all the water samples followed this descending order: imidacloprid (1.76 ng L−1) > thiamethoxam (1.20 ng L−1) > clothianidin (0.73 ng L−1) > acetamiprid (0.47 ng L−1) > thiacloprid (0.01 ng L−1) [66].



Spatially, with the exception of Northcentral (84.6%) and Northwest (88.9%) China, where the detection frequencies of the NEOs were slightly lower, in the other four regions, the detection frequencies of the NEOs were all 100% [66]. The concentrations of the sums of the five NEOs in tap water from different regions followed this order: southcentral (45.5 ng L−1) > east-central (14.9 ng L−1) > southwest (8.41 ng L−1) > northeast (3.61 ng L−1) > northcentral (3.28 ng L−1) > northwest (1.10 ng L−1) [66]. This suggests that the NEOs levels in China’s tap water tend to decrease from the southeast to the northwest.



The relative potency factor (RPF) approach was used for assessing the exposure risk of NEOs. The seasonal influence on NEOs exposure via percutaneous exposure (NPE) in children of all ages followed this order: summer > spring = autumn > winter [66]. Regarding NEOs exposure through drinking water from different sources, the general order was tap water > direct drinking water = well water > bottled water. This highlights the need for improvements in the removal of NEOs during water treatment by further technical upgrades.





4. Conclusions and Further Works


Conclusions and recommendation of future works can be drawn from this review and are detailed as below:




	(1)

	
Neonicotinoids (NEOs) have been extensively used in agriculture, horticulture, and household applications. However, neonicotinoids pose threats to human health and ecological security, leading to substantial health and environmental concerns associated with these substances.




	(2)

	
China currently lacks water quality criteria for NEOs, though some developed countries like the Netherlands, Germany, the USA, and Canada have established water quality guidelines or water quality criteria for NEOs.




	(3)

	
It is crucial to establish analytical methodologies for NEOs with both the parent compounds and derivative metabolites/by-products. The solid-phase extraction method is commonly used for sample pretreatment, and high-performance liquid chromatography coupled with mass spectrometry is the prevalent technique to simultaneously detect multiple neonicotinoids and their metabolites.




	(4)

	
NEOs have been detected in rivers, lakes, seas, and treated drinking water sources across China. Their ubiquitous presence over the past decades can be attributed to their widespread use in agriculture and horticulture, resulting in detected levels ranging from 1 to 100 ng L−1. Acetamiprid, clothianidin, imidacloprid, thiacloprid, and thiamethoxam were the most frequently detected NEOs. Contamination primarily originated from surface water runoff near agricultural areas, sewage, and wastewater effluent.




	(5)

	
Most monitoring studies have concentrated on the southern and southeast regions of China, particularly the Taihu Lake District, Yangtze River Delta, and Pearl River Delta, while information from Northern China remains relatively limited. This review stresses the need for more comprehensive investigations to bridge the knowledge gap, especially in remote and developing regions. Additionally, given the high levels of residual NEOs in Southern China, future research should expand to specific sites surrounding problematic areas in the region.




	(6)

	
Overall, a moderate to high long-term ecological risk was associated with NEOs in most of the reported studies, with acute ecological risks seldom reported. Although many of the studies indicated low to moderate NEOs occurrence, there has been an increasing trend in human health risks in recent years.




	(7)

	
As the production and consumption of NEOs continue to rise in China, there is an urgent need for the monitoring and management of NEOs and their metabolites in water and other environmental media to mitigate the potential health risks.




	(8)

	
Given the limited number of studies on NEOs characteristics and contamination across China, this study underscores the urgent necessity for nationwide research on this subject.













Author Contributions


Conceptualisation, S.Z. and J.-Q.J.; writing—original draft preparation, S.Z.; review, reconstruction, correction, and editing, J.-Q.J.; visualisation, J.-Q.J. and S.Z.; supervision, J.-Q.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


No new data were created or analysed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Goulson, D. An overview of the environmental risks posed by neonicotinoid insecticides. J. Appl. Ecol. 2013, 50, 977–987. [Google Scholar] [CrossRef]

	



Ensley, S.M. Neonicotinoids. In Veterinary Toxicology, 3rd ed.; Gupta, R.C., Ed.; Academic Press Elsevier: London, UK, 2018; pp. 521–524. [Google Scholar]

	



Thompson, D.A.; Lehmler, H.-J.; Kolpin, D.W.; Hladik, M.L.; Vargo, J.D.; Schilling, K.E.; LeFevre, G.H.; Peeples, T.L.; Poch, M.C.; LaDuca, L.E. A critical review on the potential impacts of neonicotinoid insecticide use: Current knowledge of environmental fate, toxicity, and implications for human health. Environ. Sci. Process. Impacts 2020, 22, 1315–1346. [Google Scholar] [CrossRef] [PubMed]

	



Thunnissen, N.; Geurts, K.; Hoeks, S.; Hendriks, A. The impact of imidacloprid and thiacloprid on the mean species abundance in aquatic ecosystems. Sci. Total Environ. 2022, 822, 153626. [Google Scholar] [CrossRef] [PubMed]

	



Luo, J.; Chen, C.; Bu, C.; Zhang, W.; Chen, G.; Ma, L. Neonicotinoids in Qilu Lake Basin of China: Spatiotemporal distribution and ecological risk assessment. Environ. Eng. Sci. 2023, 40, 61–70. [Google Scholar] [CrossRef]

	



Wang, T.; Zhong, M.; Lu, M.; Xu, D.; Xue, Y.; Huang, J.; Blaney, L.; Yu, G. Occurrence, spatiotemporal distribution, and risk assessment of current-use pesticides in surface water: A case study near Taihu Lake, China. Sci. Total Environ. 2021, 782, 146826. [Google Scholar] [CrossRef]

	



Thany, S.H. Neonicotinoid insecticides: Historical evolution and resistance mechanisms. In Insect Nicotinic Acetylcholine Receptors; Ch 7; Thany, S.H., Ed.; Springer: New York, NY, USA, 2010; Volume 683, pp. 75–83. [Google Scholar]

	



Sadaria, A.M. Fate of Six Neonicotinoids during Full-Scale Wastewater Treatment and Passage through an Engineered Wetland. Master’s Thesis, Arizona State University, Tempe, AZ, USA, 2015. [Google Scholar]

	



Shahid, M.K.; Kashif, A.; Fuwad, A.; Choi, Y. Current advances in treatment technologies for removal of emerging contaminants from water–A critical review. Coord. Chem. Rev. 2021, 442, 213993. [Google Scholar] [CrossRef]

	



Cai, Z.; Ma, J.; Wang, J.; Cai, J.; Yang, G.; Zhao, X. Impact of the novel neonicotinoid insecticide Paichongding on bacterial communities in yellow loam and Huangshi soils. Environ. Sci. Pollut. Res. 2016, 23, 5134–5142. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, X.; Wang, Y.; Huang, L.; Xu, P.; Zhang, S.; Ye, Q. Behavior and fate of a novel neonicotinoid cycloxaprid in water–sediment systems through position-specific C-14 labeling. Chem. Eng. J. 2022, 435, 134962. [Google Scholar] [CrossRef]

	



Bass, C.; Denholm, I.; Williamson, M.S.; Nauen, R. The global status of insect resistance to neonicotinoid insecticides. Pestic. Biochem. Physiol. 2015, 121, 78–87. [Google Scholar] [CrossRef] [PubMed]

	



Yi, X.; Zhang, C.; Liu, H.; Wu, R.; Tian, D.; Ruan, J.; Zhang, T.; Huang, M.; Ying, G. Occurrence and distribution of neonicotinoid insecticides in surface water and sediment of the Guangzhou section of the Pearl River, South China. Environ. Pollut. 2019, 251, 892–900. [Google Scholar] [CrossRef] [PubMed]

	



University of Hertfordshire, PPDB: Pesticide Properties DataBase. 2023. Available online: http://sitem.herts.ac.uk/aeru/ppdb/en/atoz.htm (accessed on 14 November 2023).

	



Deng, Y.; Zhuang, Y.; Feng, Y.; Lu, S.; Cheng, J.; Xu, X. Photodegradation of cis-configuration neonicotinoid cycloxaprid in water. China Environ. Sci. 2016, 36, 1112–1118. [Google Scholar]

	



Iturburu, F.G.; Simoniello, M.F.; Medici, S.; Panzeri, A.M.; Menone, M.L. Imidacloprid causes DNA damage in fish: Clastogenesis as a mechanism of genotoxicity. Bull. Environ. Contam. Toxicol. 2018, 100, 760–764. [Google Scholar] [CrossRef]

	



Pisa, L.; Goulson, D.; Yang, E.-C.; Gibbons, D.; Sánchez-Bayo, F.; Mitchell, E.; Aebi, A.; van der Sluijs, J.; MacQuarrie, C.J.; Giorio, C. An update of the Worldwide Integrated Assessment (WIA) on systemic insecticides. Part 2: Impacts on organisms and ecosystems. Environ. Sci. Pollut. Res. 2021, 28, 11749–11797. [Google Scholar] [CrossRef]

	



Sappington, J.D. Imidacloprid alters ant sociobehavioral traits at environmentally relevant concentrations. Ecotoxicology 2018, 27, 1179–1187. [Google Scholar] [CrossRef] [PubMed]

	



Kimura-Kuroda, J.; Komuta, Y.; Kuroda, Y.; Hayashi, M.; Kawano, H. Nicotine-like effects of the neonicotinoid insecticides acetamiprid and imidacloprid on cerebellar neurons from neonatal rats. PLoS ONE 2012, 7, e32432. [Google Scholar] [CrossRef] [PubMed]

	



Babeľová, J.; Šefčíková, Z.; Čikoš, Š.; Špirková, A.; Kovaříková, V.; Koppel, J.; Makarevich, A.V.; Chrenek, P.; Fabian, D. Exposure to neonicotinoid insecticides induces embryotoxicity in mice and rabbits. Toxicology 2017, 392, 71–80. [Google Scholar] [CrossRef]

	



Ueyama, J.; Harada, K.H.; Koizumi, A.; Sugiura, Y.; Kondo, T.; Saito, I.; Kamijima, M. Temporal levels of urinary neonicotinoid and dialkylphosphate concentrations in Japanese women between 1994 and 2011. Environ. Sci. Technol. 2015, 49, 14522–14528. [Google Scholar] [CrossRef]

	



Keil, A.P.; Daniels, J.L.; Hertz-Picciotto, I. Autism spectrum disorder, flea and tick medication, and adjustments for exposure misclassification: The CHARGE (CHildhood Autism Risks from Genetics and Environment) case–control study. Environ. Health 2014, 13, 3. [Google Scholar] [CrossRef]

	



Chen, Q.; Zhang, Y.; Li, J.; Su, G.; Chen, Q.; Ding, Z.; Sun, H. Serum concentrations of neonicotinoids, and their associations with lipid molecules of the general residents in Wuxi City, Eastern China. J. Hazard. Mater. 2021, 413, 125235. [Google Scholar] [CrossRef]

	



Zhang, Q.; Li, Z.; Chang, C.; Lou, J.; Zhao, M.; Lu, C. Potential human exposures to neonicotinoid insecticides: A review. Environ. Pollut. 2018, 236, 71–81. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, J.; Wang, Z.; Ma, X.; Li, H.; You, J. Occurrence and risk of neonicotinoid insecticides in surface water in a rapidly developing region: Application of polar organic chemical integrative samplers. Sci. Total Environ. 2019, 648, 1305–1312. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, L.; Zhang, Z.; An, L.; Hough, R.; Hu, P.; Li, Y.-F.; Zhang, F.; Wang, S.; Zhao, Y. A review of spatiotemporal patterns of neonicotinoid insecticides in water, sediment, and soil across China. Environ. Sci. Pollut. Res. 2022, 29, 55336–55347. [Google Scholar] [CrossRef] [PubMed]

	



Borsuah, J.F.; Messer, T.L.; Snow, D.D.; Comfort, S.D.; Mittelstet, A.R. Literature review: Global neonicotinoid insecticide occurrence in aquatic environments. Water 2020, 12, 3388. [Google Scholar] [CrossRef]

	



Pietrzak, D.; Kania, J.; Kmiecik, E.; Malina, G.; Wątor, K. Fate of selected neonicotinoid insecticides in soil–water systems: Current state of the art and knowledge gaps. Chemosphere 2020, 255, 126981. [Google Scholar] [CrossRef]

	



Richman, S.K.; Maalouf, I.M.; Smilanich, A.M.; Marquez Sanchez, D.; Miller, S.Z.; Leonard, A.S. A neonicotinoid pesticide alters how nectar chemistry affects bees. Funct. Ecol. 2022, 36, 1063–1073. [Google Scholar] [CrossRef]

	



Thunnissen, N.; Lautz, L.; Van Schaik, T.; Hendriks, A. Ecological risks of imidacloprid to aquatic species in the Netherlands: Measured and estimated concentrations compared to species sensitivity distributions. Chemosphere 2020, 254, 126604. [Google Scholar] [CrossRef] [PubMed]

	



Smit, C. Water quality standards for imidacloprid: Proposal for an update according to the Water Framework Directive. 2014. Available online: https://rivm.openrepository.com/handle/10029/316124 (accessed on 6 November 2023).

	



Van Dijk, T.C.; Van Staalduinen, M.A.; Van der Sluijs, J.P. Macro-invertebrate decline in surface water polluted with imidacloprid. PLoS ONE 2013, 8, e62374. [Google Scholar] [CrossRef]

	



Morrissey, C.A.; Mineau, P.; Devries, J.H.; Sanchez-Bayo, F.; Liess, M.; Cavallaro, M.C.; Liber, K. Neonicotinoid contamination of global surface waters and associated risk to aquatic invertebrates: A review. Environ. Int. 2015, 74, 291–303. [Google Scholar] [CrossRef]

	



Klarich, K.L.; Pflug, N.C.; DeWald, E.M.; Hladik, M.L.; Kolpin, D.W.; Cwiertny, D.M.; LeFevre, G.H. Occurrence of neonicotinoid insecticides in finished drinking water and fate during drinking water treatment. Environ. Sci. Technol. Lett. 2017, 4, 168–173. [Google Scholar] [CrossRef]

	



Napierska, D.; Sanseverino, I.; Loos, R.; Gómez Cortés, L.; Niegowska, M.; Lettieri, T. Modes of Action of the Current Priority Substances List under the Water Framework Directive and Other Substances of Interest; EUR 29008 EN, JRC110117; Publications Office of the European Union: Luxembourg, 2018. [Google Scholar]

	



European Commission Offical Journal of the European Union L132; Publication Office of the European Union: Luxembourg, May 2018. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L:2018:132:FULL&from=DA (accessed on 6 November 2023).

	



Marine, N. Canadian Water Quality Guidelines for the Protection of Aquatic Life; Canadian Council of Ministers of the Environment: Winnipeg, MB, Canada, 1999; pp. 1–5. [Google Scholar]

	



Global Agricultural Information Report (GAIP), FR1612. Neonicotinoid Insecticides to be Banned in France from 2018. Paris. 2016. Available online: https://apps.fas.usda.gov/newgainapi/api/report/downloadreportbyfilename?filename=Neonicotinoid%20Insecticides%20to%20Be%20Banned%20in%20France%20from%202018_Paris_France_8-31-2016.pdf (accessed on 6 November 2023).

	



Stehle, S.; Ovcharova, V.; Wolfram, J.; Bub, S.; Herrmann, L.Z.; Petschick, L.L.; Schulz, R. Neonicotinoid insecticides in global agricultural surface waters–Exposure, risks and regulatory challenges. Sci. Total Environ. 2023, 867, 161383. [Google Scholar] [CrossRef]

	



Craddock, H.A.; Huang, D.; Turner, P.C.; Quirós-Alcalá, L.; Payne-Sturges, D.C. Trends in neonicotinoid pesticide residues in food and water in the United States, 1999–2015. Environ. Health 2019, 18, 1–16. [Google Scholar] [CrossRef]

	



Metcalfe, C.D.; Helm, P.; Paterson, G.; Kaltenecker, G.; Murray, C.; Nowierski, M.; Sultana, T. Pesticides related to land use in watersheds of the Great Lakes basin. Sci. Total Environ. 2019, 648, 681–692. [Google Scholar] [CrossRef] [PubMed]

	



Putri, Z.S.; Yusmur, A.; Yamamuro, M. Neonicotinoid contamination in tropical estuarine waters of Indonesia. Heliyon 2022, 8. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, A.; Terao, T.; Hisatomi, H.; Kawasaki, H.; Arakawa, R. Evaluation of river pollution of neonicotinoids in Osaka City (Japan) by LC/MS with dopant-assisted photoionisation. J. Environ. Monit. 2012, 14, 2189–2194. [Google Scholar] [CrossRef]

	



Kruć-Fijałkowska, R.; Dragon, K.; Drożdżyński, D.; Górski, J. Seasonal variation of pesticides in surface water and drinking water wells in the annual cycle in western Poland, and potential health risk assessment. Sci. Rep. 2022, 12, 3317. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Wu, J.; Wang, B.; Duan, L.; Zhang, Y.; Zhao, W.; Wang, F.; Sui, Q.; Chen, Z.; Xu, D. Occurrence, source and ecotoxicological risk assessment of pesticides in surface water of Wujin District (northwest of Taihu Lake), China. Environ. Pollut. 2020, 265, 114953. [Google Scholar] [CrossRef]

	



Mahai, G.; Wan, Y.; Xia, W.; Yang, S.; He, Z.; Xu, S. Neonicotinoid insecticides in surface water from the central Yangtze River, China. Chemosphere 2019, 229, 452–460. [Google Scholar] [CrossRef]

	



USEPA. EPA Actions to Protect Pollinators-Proposed Interim Decision on Neonicotinoids. Available online: https://www.epa.gov/pollinator-protection/epa-actions-protect-pollinators (accessed on 1 September 2023).

	



Drivdal, L.; van der Sluijs, J.P.; Kozarev, V.; Damianova, Z.; de Smedt, K.; Rozendal, S.; Habets, M.; Rose, G.; Greßler, S.; Fries, R. The RECIPES Project Report, D2.4.1 Intra Case Study Analysis, Neonicotinoid Insecticides. 2020, pp. 120–167. Available online: https://recipes-project.eu/sites/default/files/2021-03/RECIPES%20D2.4.1%20Intra%20case%20study%20analysis_final.pdf (accessed on 6 November 2023).

	



Epstein, Y.; Chapron, G.; Verheggen, F. What is an emergency? Neonicotinoids and emergency situations in plant protection in the EU. Ambio 2022, 51, 1764–1771. [Google Scholar] [CrossRef] [PubMed]

	



Bellis, A.S.; Suchenia, A. UK Government Approval for Use of NEOs and the Impact on Bees.pdf. 2022. Available online: https://commonslibrary.parliament.uk/ (accessed on 6 November 2023).

	



Australian Pesticides and Veterinary Medicines Authority (APVMA). Neonicotinoids and the Health of Honey Bee in Australia. 2014. Available online: https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fapvma.gov.au%2Fsites%2Fdefault%2Ffiles%2Fpublication%2F18541-neonicotinoids_overview_report_february_2014.doc&wdOrigin=BROWSELINK (accessed on 6 November 2023).

	



Australian Pesticides and Veterinary Medicines Authority (APVMA). Neonicotinoids. 19 May 2023. Available online: https://apvma.gov.au/node/28786 (accessed on 6 November 2023).

	



Fan, D.-D.; Liu, H.-L.; Yang, L.-Y. Neonicotinoid Insecticides Threaten Surface Waters at the National Scale in China. Huan Jing ke Xue= Huanjing Kexue 2022, 43, 2987–2995. [Google Scholar]

	



Chen, Y.; Zang, L.; Liu, M.; Zhang, C.; Shen, G.; Du, W.; Sun, Z.; Fei, J.; Yang, L.; Wang, Y. Ecological risk assessment of the increasing use of the neonicotinoid insecticides along the east coast of China. Environ. Int. 2019, 127, 550–557. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Wang, T.; Lu, J.; Li, Z. Seawater quality criteria derivation and ecological risk assessment for the neonicotinoid insecticide imidacloprid in China. Mar. Pollut. Bull. 2023, 190, 114871. [Google Scholar] [CrossRef] [PubMed]

	



Wenzel, A.; Shemotyuk, L. EQS Datasheet Environmental Quality Standard Imidacloprid. On behalf of the Federal Environment Agency (Umweltbundesamt, UBA) Wörlitzer Platz 1 06844 Dessau-Roßlau Germany. 2014. Available online: https://webetox.uba.de/webETOX/public/basics/literatur/download.do?id=26 (accessed on 6 November 2023).

	



Ferrari, L.; Speltini, A. Neonicotinoids: An overview of the newest sample preparation procedures of environmental, biological and food matrices. Adv. Sample Prep. 2023, 8, 100094. [Google Scholar] [CrossRef]

	



Wang, Y.; Fu, Y.; Wang, Y.; Lu, Q.; Ruan, H.; Luo, J.; Yang, M. A comprehensive review on the pretreatment and detection methods of neonicotinoid insecticides in food and environmental samples. Food Chem. X 2022, 15, 100375. [Google Scholar] [CrossRef] [PubMed]

	



Lu, C.; Lu, Z.; Lin, S.; Dai, W.; Zhang, Q. Neonicotinoid insecticides in the drinking water system–Fate, transportation, and their contributions to the overall dietary risks. Environmen. Pollut. 2020, 258, 113722. [Google Scholar] [CrossRef]

	



Zhang, C.; Tian, D.; Yi, X.; Zhang, T.; Ruan, J.; Wu, R.; Chen, C.; Huang, M.; Ying, G. Occurrence, distribution and seasonal variation of five neonicotinoid insecticides in surface water and sediment of the Pearl Rivers, South China. Chemosphere 2019, 217, 437–446. [Google Scholar] [CrossRef]

	



Wan, Y.; Wang, Y.; Xia, W.; He, Z.; Xu, S. Neonicotinoids in raw, finished, and tap water from Wuhan, Central China: Assessment of human exposure potential. Sci. Total Environ. 2019, 675, 513–519. [Google Scholar] [CrossRef]

	



Naumann, T.; Bento, C.P.; Wittmann, A.; Gandrass, J.; Tang, J.; Zhen, X.; Liu, L.; Ebinghaus, R. Occurrence and ecological risk assessment of neonicotinoids and related insecticides in the Bohai Sea and its surrounding rivers, China. Water Res. 2022, 209, 117912. [Google Scholar] [CrossRef]

	



Liu, Z.; Cui, S.; Zhang, L.; Zhang, Z.; Hough, R.; Fu, Q.; Li, Y.-F.; An, L.; Huang, M.; Li, K. Occurrence, variations, and risk assessment of neonicotinoid insecticides in Harbin section of the Songhua River, northeast China. Environ. Sci. Ecotechnol. 2021, 8, 100128. [Google Scholar] [CrossRef]

	



He, Y.; Zhang, B.; Wu, Y.; Ouyang, J.; Huang, M.; Lu, S.; Sun, H.; Zhang, T. A pilot nationwide baseline survey on the concentrations of Neonicotinoid insecticides in tap water from China: Implication for human exposure. Environmen. Pollut. 2021, 291, 118117. [Google Scholar] [CrossRef]

	



Mahai, G.; Wan, Y.; Xia, W.; Wang, A.; Shi, L.; Qian, X.; He, Z.; Xu, S. A nationwide study of occurrence and exposure assessment of neonicotinoid insecticides and their metabolites in drinking water of China. Water Res. 2021, 189, 116630. [Google Scholar] [CrossRef]

	



Zhang, C.; Yi, X.; Xie, L.; Liu, H.; Tian, D.; Yan, B.; Li, D.; Li, H.; Huang, M.; Ying, G.-G. Contamination of drinking water by neonicotinoid insecticides in China: Human exposure potential through drinking water consumption and percutaneous penetration. Environ. Int. 2021, 156, 106650. [Google Scholar] [CrossRef] [PubMed]

	



Shi, H.; Cheng, X.; Wu, Q.; Mu, R.; Ma, Y. Assessment and removal of emerging water contaminants. J. Environ. Anal. Toxicol. 2012, 2, S2:003. [Google Scholar] [CrossRef]

	



European Food Safety Authority (EFSA). Conclusion on the peer review of the pesticide risk assessment for bees for the active substance clothianidin. EFSA J. 2013, 11, 3066. [Google Scholar] [CrossRef]








 





Table 3. Surface water sample pretreatment and analytical methods in the reported studies.
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Site/Location (China)

	
NEOs

	
Extraction

	
Analytical Device

	
References






	
Taihu Lake, Wujin, Jiangsu

(n = 316)

	
Acetamiprid

Imidacloprid

	
Filtration through fibreglass filter and pH adjusted to 3

SPE Extraction:

	
PEP-SPE column (Bona-Agela Technologies, Tianjin, China)



	
Condition: 5 mL MeOH, 5 mL ultrapure water and 5 mL HCl (pH3)



	
Wash: added 4 mL ultrapure water



	
Loading: added 200 water sample



	
Elusion: added 3 mL MeOH (x2)



	
Nitrogen blowing and re-dissolve in 0.5 mL MeOH/H2O (v/v, 1/1)






	
HPLC-ESI-MS/MS:

	
Ultimate 3000 HPLC system, Dionex, USA



	
Agilent XDB C18 column (150 mm × 3.0 mm



	
electrospray ionisation tandem mass spectrometry).






	
[45]




	
Taihu Lake, Jiangsu

(n = 208)

	
Acetamiprid

Clothianidin

Imidacloprid

Thiamethoxam

	
Filtration by 0.45 μm fibreglass filter

pH adjusted to 3

Isotopically labelled internal standards (ILIS) added in water samples (final ILIS conc.: 50 ng L−1)

Online SPE coupled with LC-ESI-MS/MS

	
PLRP-s SPE column



	
Loading: added 1.8 mL aqueous sample



	
1.8 mL MeOH/H2O (0.05% formic acids) at a volume ratio of 98:2 at 1.5 mL min−1.






	
HPLC-ESI-MS/MS

	
Agilent 1260 series LC system



	
Agilent Eclipse Plus C18 column (2.1 × 150 mm, 3.5 μm)



	
1290 infinitely II in line filter (0.3 μm)



	
Agilent 6470 triple quadrupole mass spectrometer with Jet Stream electrospray ionisation source






	
[39]




	
Pearl River Guangdong

(n = 66)

	

	
14-day on-site capture and extraction of NEOs by the POCIS devices.

	
Rinse retrieved POCIS was rinsed with ultrapure water to remove solid debris



	
POCIS sorbents was transferred to the 6 mL cartridge and vacuum dried for 15 min



	
Loading: added surrogate and acetamiprid-d3 (1 μg mL−1, 50 μL).



	
Elusion: 10 mL acetonitrile and nitrogen blowing dried



	
Reconstituted to 0.5 mL and imidacloprid-d4 (1 μg mL−1, 50 μL) as the internal standard



	
Filtrated through a 0.22 μm filter.






	
HPLC-MS/MS

	
LC-30-AD HPLC (Shimadzu, Japan)



	
Agilent eclipse plus C18 column (100 mm × 2.1 mm × 1.8 μm) coupled with C18 guard column (12.5 mm × 2.1 mm × 5 μm)



	
QTRAP 5500MS/MS (AB SCIEX, USA) with electrospray ion source.






	
[25]




	
Pearl River

Guangdong

(n = 85)

	
Acetamiprid

Clothianidin

Imidacloprid

Thiacloprid

Thiamethoxam

	
Filtration of water sample through 0.45 μm filter

Spiking of internal standards mixture (10 ng/500 mL) in filtered samples.

SPE extraction:

	
Poy-Sery HLB SPE cartridge (500 mg, 6 mL)



	
Loading: loaded 500 mL water sample at 3 mL min−1



	
Elusion: added 5 mL of Milli-Q water and MeOH



	
Nitrogen blowing dried and reconcentrated in 0.5 mL acetonitrile.






	
Triple quadruple LC_MS/MS (TSQ quantum ultra, Thermo Scientific, USA)

	
Thermo Hypersil GOLD C18 column (2.1 mm × 100 mm, 1.9 μm, Thermo, USA)



	
Electrospray ionisation positive mode






	
[60]




	
Pearl River,

Guangzhou

(n = 14)

	
Acetamiprid

Clothianidin

Imidacloprid

Thiacloprid

Thiamethoxam

	
Filtration of water sample through 0.45μm filter and spiked with internal standards mixture.

SPE extraction:

	
Poy-Sery HLB SPE cartridge (500 mg, 6 mL)



	
Loading: loaded 500 mL samples



	
Elusion: added 5 mL of Milli-Q water and MeOH



	
Nitrogen gas blowing dried and reconcentrated in 0.5 mL acetonitrile






	
Triple quadruple LC_MS/MS (TSQ quantum ultra, Thermo Scientific, USA)

	
Thermo Hypersil GOLD C18 column (2.1 mm × 100 mm, 1.9 μm, Thermo, USA)



	
Electrospray ionisation positive mode






	
[13]




	
Central Yangtze River

from Zhijiang to Wuhan

(n = 120)

	
Acetamiprid

Clothianidin

Imidacloprid

Nitenpyram

Thiacloprid

Thiamethoxam

	
Spiking of 20 ng of the imidacloprid-d4 into each water sample and filtered through a glass fibre filter.

SPE extraction:

	
HLP column (500 mg, 6 mL, Waters, Milford, MA, USA)



	
Condition: added 5 mL of MeOH



	
Loading: added 1000 mL water sample and dried cartridge



	
Elusion: added 100 mL MeOH



	
Nitrogen blowing dried and reconcentrated in 1 mL of 60% acetonitrile in water.






	
UPLC-MS/MS

	
Water Xevo TQS triple quadrupole mass spectrometry



	
ACQUITY I-Class UPLC (Waters Corporation, Milford, MA, USA)



	
ACQUITY UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm, Waters Corporation, Milford, MA, USA).






	
[46]




	
Yangtze River

Wuhan (n = 14)

	
Acetamiprid

Clothianidin

Dinotefuran

Desmethyl-acet-amiprid

Imidacloprid

Nitenpyram

Thiacloprid

Thiamethoxam

	
Filtration of water sample and spiked isotope-labelled mixed internal standards (100 μL of 100 ng mL−1) in 1 L water sample

SPE extraction:

Oasis HLB column (6 cc/500 mg, 60 μm, Waters Corporation, Milford, MA, USA)

	
Condition and dried: added 5 mL LC-MS grade acetonitrile



	
Rinse: added 5 mL LC-MS grade water



	
Loading: added 1000 mL sample in column



	
Wash: add 5 mL water and vacuum dried cartridge



	
Elusion: added 6 mL of acetonitrile



	
Nitrogen dried elutes and reconstituted in 1 mL 50% acetonitrile






	
UPLC-MS/MS

	
Water Xevo TQS triple quadrupole mass spectrometry



	
ACQUITY I-Class UPLC (Waters Corporation, Milford, MA, USA)



	
ACQUITY UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm, Waters Corporation, Milford, MA, USA).






	
[61]




	
Han River

Wuhan (n = 6)

	
Acetamiprid

Clothianidin

Dinotefuran

Desmethyl-acet-amiprid

Imidacloprid

Nitenpyram

Thiacloprid

Thiamethoxam




	
Rivers surrounding Bohai Sea (summer)

(n = 72)

	
Acetamiprid

Clothianidin

Desnitro-im-imdacloprid

Dinotefuran

Fipronil

Fipronil-desulfi-nyl

Fipronil-sulphide

Fipronil-sulfone

Imidacloprid

Thiacloprid

Thiamethoxam

	
Water sample filtered and spiked with 20μL IS-mix (0.4 ng L−1)

Automated SPE extraction

	
Automated SPE device: LC-Tech FREESTYLETM XANA workbench (LC-Tech GmbH, Germany)



	
Oasis HLB cartridges (6 cc, 500 mg, 60 µm, Waters, USA)



	
Condition: added 10 mL MeOH



	
Equilibration: 10 mL ultrapure water



	
Loading at 8 mL min−1 and dried cartridge afterwards for 60 min



	
Elusion: added 10 mL MeOH



	
Eluate was dried to 0.8 mL and filtered through cellulose filter, 100 µL filtrate was collected and diluted with 0.4 mL MeOH and 0.5 mL ultrapure water.






	
HPLC-MS/MS

	
Agilent 1290 HPLC system



	
Zorbax Eclipse XDB-C18 (2.1 × 150 mm, 3.5 µm, Agilent, Germany) combined with a Zorbax Eclipse XDB-C18 guard column (2.1 × 5 mm, 1.8 µm, Agilent, Germany)



	
Agilent 6490 triple quadrupole mass spectrometry with Agilent Jet Stream electrospray ionisation (ESI) source






	
[62]




	
Bohai Sea water (summer)

(n = 81)

	
Acetamiprid

Desnitro-im-imdacloprid

Fipronil

Fipronil-desulfi-nyl

Thiacloprid




	
Songhua River, Harbin

(n = 13)

	
Acetamiprid

Clothianidin

Dinotefuran

Imidacloprid

Imidaclothiz

Thiacloprid

Thiamethoxam

	
Water samples were filtered through a Teflon filter and spiked with a mixed internal standards mixture (50 μL of 1 mg L−1)

SPE extraction:

	
Water Oasis HLB cartridge (500 mg, 6 cc, Milford, MA, USA)



	
Pre-condition: 5 mL MeOH and 5 mL ultra-pure water



	
Loading water samples and air dried the cartridge



	
Elution: added 5 mL ultra-pure water in cartridge



	
Eluents were nitrogen blowing dried then reconstituted in 1 mL 25% acetonitrile in water and filtered through the 0.22 μm filter.






	
LC-MS/MS

	
AB SCIEX triple Quad 500 HPLC-MS/MS (Framingham, MA, USA)



	
Phenomenex Kinetex C18 column (100 mm × 2.1 mm, 1.7 µm).



	
Electrospray ionisation source in postie ion mode with multiple reactions monitoring mode.






	
[63]
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	Site/Location
	NEOs
	Extraction
	Analytical Device
	References





	Wuhan

(n = 165)
	Acetamiprid

Clothianidin

Dinotefuran

Desmethyl-acetamiprid

Imidacloprid

Nitenpyram

Thiacloprid

Thiamethoxam
	Filtration of water sample and spiked isotope-labelled mixed internal standards (100 μL of 100 ng/mL) in 1 L water sample

SPE extraction:

	
Oasis HLB column (6 cc/500 mg, 60 μm, Waters Corporation, Milford, MA, USA)



	
Condition and dried: added 5 mL LC-MS grade acetonitrile



	
Rinse: added 5 mL LC-MS grade water



	
Loading: added 1000 mL sample in column



	
Wash: added 5 mL water and vacuum dried cartridge



	
Elusion: added 6 mL acetonitrile







Nitrogen dried elutes and reconstituted in 1 mL 50% acetonitrile
	UPLC-MS/MS

	
Water Xevo TQS triple quadrupole mass spectrometry



	
ACQUITY I-Class UPLC (Waters Corporation, Milford, MA, USA)







ACQUITY UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm, Waters Corporation, Mildford, MA, USA).
	[61]



	Hangzhou

(n = 71)
	Acetamiprid

Clothianidin

Dinotefuran

Imidacloprid

Nitenpyram
	Liquid–liquid extraction:

	
Added 2 g NaCl and 25 μL of surrogate standards (IMI-d4, THI-d3) to 50 mL of each water sample and shaken for 10 s



	
Added 30 mL of dichloromethane and shaken for 6 min



	
Organic phase was removed and eluted by passing the sample through a chromatographic column (8 g of anhydrous sodium sulphate)



	
Eluted aliquot was dried by rotary evaporator and reconstituted in 2 mL acetonitrile and then vortexed for 1 min, this led to the concentration factor of 25 for the original levels in water samples



	
40 μL of internal standard CLO-d3 was added and final solution was stored at −20 °C for later analysis.





	UPLC-MS/MS (UPLC-MS/MS, Waters Corporation, Milford, MA.)

	
YMC ODS-AQ chromatography column (100 mm × 2.1 mm, 3 μm, YMC, Allentown, PA, USA)



	
Triple quadrupole mass spectrometer Xevo TQ-S (Waters Corporation).





	[59]



	Nationwide

(n = 84)
	Acetamiprid

Clothianidin

Dinotefuran

Imidacloprid

Thiacloprid

Thiamethoxam
	Water samples were spiked with mixed isotope internal standard solution (50 μL, 0.1 ng μL−1) and then filtered through 0.45 filter.

SPE extraction:

	
Poly-Sery HLB SPE cartridge (500 mg, 6 mL)



	
Precondition: added 5 mL of MeOH followed by 5.0 mL of Milli-Loading water sample at rate of 3.0 mL min−1



	
Wash: added 5.0 mL Milli-Q water and cartridge was vacuum dried



	
Elusion: eluted with 5 mL of MeOH and vacuumed



	
Eluate was nitrogen blowing dried and reconstituted to 0.2 mL acetonitrile.





	HPLC-MS/MS:

	
Agilent 1290 Series HPLC (Agilent Technologies, CA, USA).



	
A Zorbax SB-C18 column (100 mm × 2.1, 3.5 μm, Agilent)



	
Applied Biosystem SCIEX 5500 Triple Quadrupole in positive electrospray ionisation mode (ESI+; Applied Biosystem, Foster City, CA, USA).





	[64]



	Nationwide

(n =789)
	Acetamiprid

Clothianidin

Dinotefuran

Flonicamid

Imidacloprid

Imidaclothiz

Thiacloprid

Thiamethoxam
	500 mL water samples were spiked with 125 μL of Sodium sulphite (20 gL−1) and mixed isotope internal standard solution.

SPE extraction:

	
Waters Oasis HLB cartridges (500 mg, 6 mL, Milford, MA, USA)



	
Precondition: added 5 mL of acetonitrile and 5 mL of water.



	
Loading water samples



	
Wash: added 5 mL of water and vacuum dried for 5 min



	
Elusion: eluted with 4 mL of acetonitrile and 4 mL of MeOH



	
Eluates were nitrogen blowing dried and reconstituted with 0.5 mL of 30% acetonitrile in water for analysis





	HPLC-MS/MS

	
Waters ACQUITY I-Class UPLC system



	
Waters Acquity UPLC HSS T3 column (1.8 μm, 2.1 mm × 100 mm, Waters Corporation, Milford, MA, USA).



	
Waters Xevo TQS tandem mass spectrometer (Waters Corporation, Milford, MA, USA)





	[65]



	Nationwide

(n = 146)
	Acetamiprid

Clothianidin

Imidacloprid

Thiacloprid

Thiamethoxam
	n.a.
	HPLC-MS/MS

	
Agilent 1200 Series high-performance liquid chromatography system



	
Agilent G6410B triple quadrupole mass spectrometer in positive electrospray ionisation (ESI+) mode (HPLC–MS/MS, Agilent Technologies



	
Wilmington, DE, USA). A Zorbax SB–C18 column (100 mm × 2.1 mm, 3.5 mm; Agilent)





	[66]
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Site/Location (China)

	
NEOs

	
Detection Frequency (%)

	
Conc Range

(ng L−1)

	
Median

(ng L−1)

	
Ecological Risk Assessment

	
References






	
Taihu Lake, Wujin District, Jiangsu

(n = 316)

	
Acetamiprid

Imidacloprid

	
90

	
0–38

	
8.25

	
Risk Quotient:

No obvious risk

	
[45]




	
88

	
0–236

	
65.8




	
31

	
0–53.4

	
10.0




	
Taihu Lake Jiangsu

(n= 208)

	
Acetamiprid

	
100

	
0.3–368

	
11

	
Risk Quotient and Risk index:

	
Imidacloprid: high



	
Acetamiprid: moderate-high



	
Clothianidin: moderate-high






	
[6]




	
Clothianidin

	
48

	
0–391

	
n.d. 1




	
Imidacloprid

	
97

	
0–907

	
31




	
Thiamethoxam

	
83

	
0–952

	
9.8




	
Pearl River Guangdong

(n = 66)

	
Acetamiprid

	
100

	
18.8–157

	
n.a. 2

	
Probabilistic Ecological Risk Assess (chronic risk):

	
Acetamiprid: high



	
Clothianidin: high



	
Imidacloprid: high



	
Thiamethoxam: high






	
[25]




	
Clothianidin

	
100

	
14.8–47.6




	
Imidacloprid

	
100

	
32.9–249




	
Thiamethoxam

	
71.4

	
0–52.4




	
Pearl River

Guangdong

(n = 85)

	
Acetamiprid

	
100

	
3.13–67.6

	
9.99

	
Probabilistic Ecological Risk Assess (chronic risk)

	
87.5% samples of Beijiang tributaries (∑NEOs > 35 ng L−1)



	
69% samples in Xijiang tributaries (∑NEOs > 35 ng L−1)



	
66.7% of samples in Dongjiang tributaries (∑NEOs > 35 ng L−1)






	
[60]




	
Clothianidin

	
100

	
0.55–67.2

	
11.9




	
Imidacloprid

	
99

	
0.84–180

	
26




	
Thiacloprid

	
100

	
0.18–12.4

	
0.71




	
Thiamethoxam

	
72

	
4.97–102

	
26.7




	
Pearl River,

Guangzhou

(n = 14)

	
Acetamiprid

	
100

	
6.24–77.1

	
34.4

	
Probabilistic Ecological Risk Assess (chronic risk): n.a.

	
[13]




	
Clothianidin

	
100

	
13.1–38.0

	
25.2




	
Imidacloprid

	
100

	
40.1–154

	
78.3




	
Thiacloprid

	
92.9

	
0.44–2.97

	
1.03




	
Thiamethoxam

	
100

	
16.3–70.2

	
53.2




	
Central Yangtze River

From Zhijiang to Wuhan

(n = 120)

	
Acetamiprid

	
100

	
0.26–12.0

	
2.50

	
Ecological Risk Class (Risk Quotient method):

	
Acetamiprid: low



	
Clothianidin: low



	
Imidacloprid: low



	
Nitenpyram: low



	
Thiacloprid: low



	
Thiamethoxam: low






	
[46]




	
Clothianidin

	
64

	
n.d.-10.5

	
0.10




	
Imidacloprid

	
100

	
0.02–44.4

	
4.37




	
Nitenpyram

	
73

	
n.d.-3.50

	
0.34




	
Thiacloprid

	
87

	
n.d.-0.26

	
0.02




	
Thiamethoxam

	
95

	
n.d.-236

	
1.10




	
Yangtze River

Wuhan (n = 14)

	
Acetamiprid

	
100

	
3.82–9.98

	
4.71

	
n.a.

	
[61]




	
Clothianidin

	
100

	
0.78–4.20

	
1.09




	
Dinotefuran

	
64.3

	
n.d.-1.20

	
0.29




	
Desmethyl-acetamiprid

	
100

	
0.16–0.44

	
0.28




	
Imidacloprid

	
100

	
3.96–28.5

	
7.81




	
Nitenpyram

	
100

	
0.36–8.70

	
0.74




	
Thiacloprid

	
100

	
0.02–0.16

	
0.05




	
Thiamethoxam

	
100

	
3.54–19.8

	
4.60




	
Han River

Wuhan (n = 6)

	
Acetamiprid

	
100

	
7.90–22.7

	
10.5

	
Compare median ∑NEOs with chronic risk threshold (35 ng L−1):

Long-term chronic risk to aquatic species (median ∑NEOs > 35 ng L−1)

	
[61]




	
Clothianidin

	
100

	
1.10–10.5

	
3.43




	
Dinotefuran

	
83.3

	
n.d.-3.02

	
1.43




	
Desmethyl-acetamiprid

	
100

	
0.28–0.96

	
0.41




	
Imidacloprid

	
100

	
10.9–82.4

	
26.9




	
Nitenpyram

	
100

	
0.36–1.66

	
0.79




	
Thiacloprid

	
100

	
0.02–0.28

	
0.10




	
Thiamethoxam

	
100

	
5.48–64.8

	
18.8




	
Rivers surrounding Bohai Sea (summer)

(n = 72)

	
Acetamiprid

	
100

	
0.82–128

	
16.0

	
Ecological Risk Class (Risk quotient method):

	
Acetamiprid: low



	
Clothianidin: high



	
Desnitro-



	
Imidacloprid: low



	
Dinotefuran: low



	
Fipronil: high



	
Fipronil-desulfinyl: high



	
Fipronil-sulphide: high



	
Fipronil-sulfone: high



	
Imidacloprid-



	
Thiacloprid: high



	
Thiamethoxam: high






	
[62]




	
Clothianidin

	
100

	
0.55–55.2

	
4.9




	
Desnitro-imidacloprid

	
100

	
0.42–67.3

	
8.6




	
Dinotefuran

	
47

	
n.d.-17.2

	
n.d.




	
Fipronil

	
94

	
n.d.-4.0

	
0.38




	
Fipronil-desulfinyl

	
92

	
n.d.-5.1

	
0.82




	
Fipronil-sulphide

	
94

	
n.d.-3.2

	
0.39




	
Fipronil-sulfone

	
97

	
n.d.-8.9

	
0.92




	
Imidacloprid

	
100

	
1.31–104

	
12.9




	
Thiacloprid

	
42

	
n.d.-5.44

	
n.d.




	
Thiamethoxam

	
100

	
0.54–99.8

	
9.2




	
Bohai Sea water (summer)

(n = 81)

	
Acetamiprid

	
100

	
0.16–0.94

	
0.37

	
Ecological Risk Class (Risk quotient):

	
Acetamiprid: high



	
Desnitro: high



	
Imidacloprid: n.a.



	
Fipronil: high



	
Fipronil: desulfinyl-high



	
Thiacloprid: high






	
[62]




	
Desnitro-imidacloprid

	
88

	
n.d.-0.87

	
0.14




	
Fipronil

	
47

	
n.d.-0.13

	
n.d.




	
Fipronil-desulfi-nyl

	
12

	
n.d.-0.06

	
n.d.




	
Thiacloprid

	
47

	
n.d.-0.08

	
n.d.




	
Songhua River, Harbin

(n = 13)

	
Acetamiprid

	
100

	
0.20–10.8

	
0.51

	
SSD model:

	
Long-term chronic and short-term acute risk to lower trophic level aquatic species






	
[63]




	
Clothianidin

	
100

	
1.66–13.1

	
2.11




	
Dinotefuran

	
23.1

	
n.d.-5.91

	
n.d.




	
Imidacloprid

	
100

	
10.9–83.5

	
11.9




	
Imidaclothiz

	
15.4

	
n.d.-0.04

	
n.d.




	
Thiacloprid

	
15.4

	
n.d.-1.21

	
n.d.




	
Thiamethoxam

	
100

	
16.3–83.5

	
26.7








1 Indicates not detected. 2 Indicates not available.













 





Table 6. Nationwide occurrence of NEOs in the drinking water samples of China.
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Site/location

(China)

	
NEOs

	
Detection Frequency (%)

	
Conc Range

(ng L−1)

	
Median

(ng L−1)

	
Ecological Risk Assessment

	
References






	
Wuhan (n = 165)

	
Acetamiprid

	
n.d. 1

	
0.65–20.7

	
2.78

	
Estimation of human exposure to NEOs through ingestion (L kg−1 bw−1 day−1) of water (RPF method):

	
Infants: 0.090



	
Toddlers: 0.031



	
Children: 0.029



	
Teenagers: 0.016



	
Adults: 0.020






	
[61]




	
Clothianidin

	
n.d.-8.98

	
1.28




	
Dinotefuran

	
n.d.-54.8

	
0.2




	
Desmethyl-acetamiprid

	
0.05–0.80

	
0.2




	
Imidacloprid

	
1.16–76.7

	
4.3




	
Nitenpyram

	
n.d.-54.8

	
0.2




	
Thiacloprid

	
n.d.-0.26

	
0.04




	
Thiamethoxam

	
0.38–47.0

	
3.54




	
Hangzhou

(n = 71)

	
Acetamiprid

	
n.d.

	
0–16.6

	
6.15

	
Total IMIRPF (ng L−1) in tap water (Risk assessment of total neonics intake through drinking water consumption)

	
Mean: 17.19



	
Median: 11.4



	
Range: 0–105.4









	
[59]




	
Clothianidin

	
2.9–7.5

	
3.85




	
Dinotefuran

	
3.4–25

	
7.75




	
Imidacloprid

	
1.5–10.6

	
4.5




	
Nitenpyram

	
1.9–22.6

	
6.05




	
Nationwide

(n = 84)

	
Acetamiprid

	
94

	
0.002–69.2

	
2.72

	
In China, the average EDI (median, age from 2 -> 65, ng kg−1 bw−1 day−1) of NEOs via tap water consumption. (Estimated daily taken method):

	
acetamiprid: 0.032



	
clothianidin: 0.030



	
dinotefuran: 0.025



	
imidacloprid: 0.042



	
thiacloprid: 0.002



	
thiamethoxam: 0.024






	
[64]




	
Clothianidin

	
92

	
0.005–104

	
5.46




	
Dinotefuran

	
90

	
<0.03–312

	
4.55




	
Imidacloprid

	
99

	
<0.02–68.3

	
7.59




	
Thiacloprid

	
86

	
0.002–74.2

	
0.38




	
Thiamethoxam

	
87

	
<0.03–214

	
4.5
