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Abstract

:

In recent years, considerable attention has been paid to the volatile organic compounds (VOCs) that might lead to serious environmental problems, yet few studies relate to the insecticide application during agricultural process. As there appears to be a notable lack of research on the VOCs pollution of insecticides, we aimed to assess the occurrence of insecticide VOCs in the laboratory and during the agricultural process in China that have not been previously investigated. We discuss the estimation of VOCs emission potentials (EPs) and actual emissions (AEs) posed by insecticide applications. For this purpose, nine insecticide formulations were collected for testing and were analyzed via a thermogravimetric analyzer (TGA) and a pump-suction photoionization detection (PID) gas detector. The results showed that the EPs of nine insecticide samples ranged from 12.30% to 81.30%, with a median of 41.59% and a mean of 45.41%. The average actual emission ratio (AER) for the different formulations ranged from 48.76% to 72.12%. AER value was significantly positively correlated with temperature, but significantly negatively correlated with relative humidity and atmospheric pressure. The results of this study provide a technical reference for establishing the corresponding emission inventory and determining the total amount of pesticide VOCs.
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1. Introduction


It has long been known that volatile organic compounds (VOCs) are emitted as gases from certain solids or liquids products. For example, numerous studies have shown the linkage between variety of products and their VOCs [1,2,3,4]. As a result, VOCs (e.g., formaldehyde, benzene, toluene, trichloroethylene dichloromethane) released into the atmosphere have been directly inducing short-term and long-term adverse effects to human health, leading to atmospheric environmental problems such as haze and photo-chemical smog [5,6,7,8,9]. VOCs continue to receive attention as important precursors of secondary pollutants like ozone (O3), secondary organic aerosol (SOA) and fine particulate matter (PM2.5) [6,9,10,11,12]. And the emission of key precursor VOCs from various sources should be cut down in the foreseeable future due to the atmospheric environment protecting goals of many countries. Intrinsically, VOCs emission sources include natural sources and anthropogenic sources, and the latter involved more people in a wide range such as using of solvents, driving of motor vehicles, and industrial processing [13,14]. It can be seen that the annual VOC emissions of industrial source in China increased from 8777 kt (thousand tonnes) to 12,446 kt with an average annual growth rate of 5.2% from 2011 to 2018 [15], which were even higher than the total emissions of anthropogenic VOCs in UK (810 kt in 2017) [16]. Pesticide formulations contain a large number of VOCs, most of which come from organic solvent components in liquid [17]. According to the estimation of European Solvents Industry Group (ESIG), total VOC emissions from solvent source of the European Union were up to 1981 kt/y in 2015 [18]. Pesticide use in agricultural activities could be one of the major factors causing the occurrence of solvent VOCs in many places around the world [19]. Usually, pesticides volatilize rapidly into the atmospheric environment during the pesticide production and use because a large number of solvents are involved in the process [20,21,22,23], and pesticide volatilization become one of the important anthropogenic emission sources of atmospheric VOCs.



In certain areas with heavy agricultural activities, pesticides could become a primary contributor to VOC emission. California (US) has been continuously monitoring pesticides use and their VOC emissions inventory, and publicly releasing the relevant reports since 1990 [24,25]. China has been ranked first for its pesticide usage and third for its application intensity in the world [26]. However, no detailed information on the VOC emission profiles from actual pesticide applications is available in China. The characteristics of high market value of cash crops and the profit seeking nature of farmers cause the rigid demand of pesticide market to increase. At present, the off-season fruits and vegetables represented by the greenhouse planting have considerable market profit space. However, while the greenhouse provides a suitable growth environment for the crops, it also becomes a hotbed for the breeding of bacteria and pests. Driven by interest factors, its pesticide consumption is much higher than that of traditional grain crops [5]. The term pesticide is defined as follows in the Regulations on the Administration of Pesticides (revised in 2022, Order No. 677 of the State Council of the People’s Republic of China): “It refers to the chemical synthesis used to prevent and control diseases, insects, grasses, rats and other harmful organisms that endanger agriculture and forestry, or a substance or mixture of several substances derived from biological and other natural substances and their preparations that can purposefully regulate the growth of plants and insects [27].” Among them, insecticide can be defined as a sub-categorical agent of pesticide that specially applied to kill insects, which have a long history of being used for eliminate agricultural and urban pests, and their flourished formulations and types covered a wild applicable range of fields [28], so the author selected insecticides as the research object to probe the characteristics of pesticide VOCs.



The objective of this research is to examine potential correlations between VOCs emitted from insecticides and agricultural applications in the following ways: (1) to estimate the potential insecticide VOC emission based on thermogravimetric analysis (TGA) of insecticide samples; (2) to measure the actual emission of the sample products after their application with portable VOCs gas detector and to compare the actual emission and potential VOC emission of the products; (3) to further analyze their emission characteristics of insecticide VOCs during application and the influence of formulations and meteorological factors. To the best of our knowledge, this represents the first study of field application experiment of pesticide VOCs in China.




2. Materials and Methods


2.1. Determining the EP Value of Insecticides


The VOC emission potential (EP) coefficients were calculated based on the thermal mass loss (TM) and moisture content (MC) of pesticide products according to the determination method from the California Department of Pesticide Regulation (CDPR) [29]. Since the commercial pesticides of China did not indicate exempt solvent and MC, the calculation of EP values could not directly use the MC in the product composition description, as the method of CDPR. Meanwhile, the exempt solvent disclosed by the CDPR was based on the considerations of meeting basic application requirements, but most of them were still the sources of VOCs. Therefore, this study mainly considered the influence of MC on the EP coefficient.



The TM values of insecticide samples were measured by thermogravimetric analysis (TGA) as the method of CPDR [29] and related reports [22,30], while the MC values of insecticide samples were measured with Karl Fischer coulometric titration according to the testing method of water in pesticides (GB/T1600-2021) from China [31]. Nine samples for testing were screened out from common liquid insecticides in China (see Table 1), including formulations of four emulsifiable concentrates (EC), two suspension concentrates (SC), one emulsion oil in water (EW), one aqueous solution (AS) and one soluble concentrate (SL). Each insecticide product was detected in triplicate for the above measurement, and the EP value (%) of a certain insecticide product was corrected by the formula as follows:


  EP =   TM  ¯  −   MC  ¯     



(1)




where,     TM  ¯    represents the average thermal mass loss(%) for three replicate samples of the same insecticide type;     MC  ¯    represents the average moisture content(%) for three replicates of the same insecticide type. A single test of MC cannot be greater than TM, but for three replicate samples of the weight approximately 10.00 mg might be resulting in the average value of MC greater than the average value of TM, due to the manual sampling process causing a tolerance of ±1.00 mg of the weight. Hence, if     MC  ¯    >     TM  ¯    caused the value of EP to be negative, then the EP value is regarded as zero for this type of insecticide product.



According to the method of CPDR [29] and related reports [22,30], the TM value of each insecticide sample was carried out in triplicate using TGA thermogravimetric analyzer (METTLER TOLEDO, Schwerzenbach, Switzerland). The weighing dishes (platinum) were conditioned at 125 °C for 1 h and stored in a desiccator prior to use. After taring, approximately 10.00 mg liquid sample was accurately weighed into a sample dish. When the sample reaches a stable maximum mass, recorded it immediately as the initial mass. Then, the samples were analyzed using the following temperature program: heating from 35 °C to 115 °C at a rate of 5 °C/min, held until the mass was stable (<0.5% change for 5 min) and then held for an additional 15 min, finally recording the ending mass. For some clearly identified thermal unstable pesticides and the uncertain pesticide samples which did not reach a stable mass at 115 °C (over 80 min), their detection procedure was re-run at 55 °C for 11 h.



The calculating formula of the TM value is as follows:


TM = (m0 − m1)/m × 100%



(2)




where, m0 represents the initial mass of insecticide sample, mg; m1 represents the ending mass of insecticide sample, mg; m represents the weighing mass of insecticide sample, namely 10.00 mg.



The moisture content of insecticide samples was detected in triplicate by the automatic micro moisture tester (ZDJ-1S, Beijing) based on the method of Karl Fischer coulometric titration (GB/T1600-2021) in China [31]. The water equivalent concentration (C, mg/mL) was calculated by the following formula:


C = m1 × 1000/V1



(3)




where, m1 represents the mass of added water, g; V1 represents the consuming volume of Carl Fisher reagent during the calibration, mL. The moisture content (MC, %) of pesticide sample was calculated by the following formula:


MC = C × V2 × 100/m2 × 1000



(4)




where, C represents the water equivalent concentration of Carl Fisher reagent (mg/mL); V2 represents the consuming volume of Carl Fisher reagent during the measurement, mL; m2 represents the mass of insecticide sample, g.




2.2. Measurement of InsecticideVOCs after Actual Application


The total amount of insecticide VOCs was detected by a pump suction photo ionization detection (PID) gas detector (RAE SYSTEMS, Sunnyvale, USA), PGM-7300 model, and the test instrument was selected according to the technical guideline for site soil and groundwater sampling of volatile organic compounds (HJ1019-2019) in China [32]. Before the test, the instrument has accepted the metrological calibration of a third-party testing institution and was within the validity period. The concentration detection limit of VOCs detector is 5000 mg/m3.



The test site (28°32.000′ N, 113°28.416′ E; Figure 1) is seated in Changsha, Hunan Province, China. Changsha is located in the temperate climate zone, with long summer and long winter. According to the data of China Meteorological Administration (CMA), the total rainfall in the sampling year is 1361.6 mm, and the annual average temperature is 17.2 °C [33]. The temperature changes greatly in spring, with more rain in early summer, higher temperature in autumn and less cold in winter [33]. The testing point is located in the hilly area, and there is no snowfall during the experiments. The author has monitored the concentration of VOCs in the environment as background benchmark before calculating the total amount of VOCs emitted during the application of insecticides in the greenhouse.



The PID portable gas detector was used to monitor the insecticide VOCs in the facility sheds. Four sheds (50 m3 for each) were set up for the experiment (Figure 2). Among them, only three sheds of pakchoi growing greenhouses were set as parallel test sites, and each of them was evenly sprayed of insecticide. The other pakchoi shed was set as an observation environment of comparison background. During the test, 1000 mg of one type of insecticide formulation shall be mixed with water and sprayed in a shed according to the proportion requirements (diluted 1000- to 3600-fold) in the product manual each time. The concentration peak of insecticide VOCs in the shed was monitored forone hour after the spraying. For the same batch test of each insecticide product, the data of three parallel samples were measured and recorded, respectively. The actual emission (AE) of insecticide VOCs were calculated based on the concentration peak (CP) of VOCs after applied the insecticide product, the shed volume (SV) used for the tests and the amount of formulation (AF) used (1000 mg for each sample). Each insecticide product was detected in triplicate for the above measurement, and the AE value was calculated by the formula as follows:


   AE    =    CP  × SV / AF  



(5)







The AE value was recorded as a percentage form in order to analyze its correlation with the EP value. The tested samples involved in the experiment and their testing time were selected according to the greenhouse temperature monitored.
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Figure 2. Setting of test sheds. 






Figure 2. Setting of test sheds.
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In 2020, a 72-round total of tests were conducted on nine types of insecticide products, and each test included 3 parallel samples, basically covering all seasons of the year. The temperature and relative humidity in the greenhouse were recorded during the test. Since the atmospheric pressure inside the shed was the same as that outside the shed during the test, the atmospheric pressures were recorded from the nearby automatic weather station. The statistics of characteristic values of meteorological elements (Table 2) show that the temperature in the shed during the test period was between 9–41 °C, with an average of 25.6 °C. The relative humidity was between 44.0–92.0%, with an average value of 74.8%. Since part of the 72-round tests were conducted in rainy days, part of the ambient humidity reached more than 80%. Moreover, air pressures were between 998.0–1021.0 hpa during the tests, with an average of 1007.5 hpa.





3. Results


3.1. Correlations of EP, MC and TM Value of Different Formulations


The EP values of nine sampled products ranged from 12.30% to 81.30%, with a median of 41.59% and a mean of 45.41%. The distribution of EPs were shown in Figure 3. Among the samples, A0204 with the highest EP, i.e., 81.30%, was an abamectin EC formulation. There were four different types of abamectin EC formulations in the tested samples, with EP values ranging from 15.10% to 81.30%. It can be seen that the amount of VOCs emitted from the same kind of insecticide formulation or active ingredient may be very different. The EP values (%) of different formulations were sorted as follows: SL (70.8) > EC (50.37) > SC (37.76) >AS (35.59) > EW (25.33). The EPs, MCs and TMs of nine insecticides were analyzed according to the detection method in 2.1 and are shown in Table 3. The sequence of average MCs (%) of different formulations is EW (69.18) > SC (28.95) >AS (1.93) > EC (1.34) > SL (0.21), which in the range between 0.21% and 69.18%. In general, the SL and EC formulations had higher EP values in the samples, and EW and SC formulations had higher MC values.



In order to explore the correlations of EP, MC and TM value of different formulations, the author conducted research and comparison on the whole sample. The results were shown in Figure 4. There were no correlations either between EP and TM (Figure 4b), nor between MC and TM in the whole sample (Figure 4c). Their correlation coefficients (R2) were 0.140 and 0.288, respectively, which were both less than 0.3. However, there was a weak negative correlation between MC and EP (Figure 4a, R2 = 0.337, p < 0.01).




3.2. Correlations of Meteorological Factors on VOCs Emitted from Typical Insecticides


Table 4 demonstrated the actual emission ratio (AER, %) of total VOCs applied with typical insecticides, and it was calculated by the following formula:


  A E R = AE / EP  



(6)







According to the data analysis in Table 4, the average AER (%) of each formulation was ranked as: EW (72.12) > SL (63.03) > SC (58.69) > EC (52.95) >AS (48.76). Among all the insecticides selected in the test, the average, maximum and minimum AER (%) values of D0201 (EW, cypermethrin) were 72.12, 86.26 and 60.02 respectively, which were the highest among the nine products. The average, maximum and minimum AER (%) values of A0204 (EC, abamectin) were 46.82, 63.29 and 28.29 respectively, which were the lowest among the nine insecticide products.



The range of temperatures varied widely in the shed during the testing period. From the analysis of the AER values and temperature, the two showed a positive correlation in Figure 5. On the basis of correlation analysis between insecticide samples and atmospheric temperature, it can be seen that AERs of all insecticide varieties showeda significantly positive correlation with the change of air temperature. The correlation trends of AER and temperature of different insecticide products with the same formulationwere very similar. Compared with formulations, differentactive ingredients have little influence on the correlation trend. The AER of each testedproduct increased with the rising of temperature. Four EC formulations, that is A0201, A0202, A0203 and A0204, with abamectin as the active ingredient were specially selected for comparison. The AER values of these four products had a similar changing trend along with the temperatures. Among them, the AER of A0203 increased more sharply with the temperature change than the other three products.



Based on the analysis of AER and relative humidity of insecticide samples (Figure 6), it can be seen that the AER of all tested products has an evidently negative correlation with the change of air relative humidity, and the correlation between AER value and humidity of the same formulation has a similar trend. Compared with the formulation, the active ingredients have little impact on the correlation trend. According to the monitoring data results, the humidity was negatively correlated with the AER value. However, since the humidity and temperature in the test environment were also negatively correlated, it cannot be determined that the increase in humidity was the direct cause of the decrease in the AER value. Among the whole samples, except B0201, which decreases sharply with the increase of humidity, the change trend of AER and relative humidity of other eight products were very similar. And the similar trends appeared in all kinds of formulations. The trend curves of SC formulations ofC0201, C0202 and EC formulation ofA0204 were very close, but the AER value of the EC formulation was slightly lower than that of the other two SC formulations.



On the basis of correlation analysis between insecticide samples and atmospheric pressure (Figure 7), it can be seen that the AER of all types demonstrated a significant negative correlation with the change of atmospheric pressure, and the correlation between AER value and atmospheric pressure of the same formulation showed similar trend curves. Among all the samples, the AERs of B0201 were decreasing more sharply with the increase of atmospheric pressure than other samples, and the trend curves of SC formulations of C0201, C0202 and EC formulation of A0204 were drawn very close.



As the relativity among different meteorological elements existed to some extent, to describe the impact of a single element on insecticide volatilization with their respective correlations was difficult. Therefore, the principal component analysis method was used to probe the correlation between various factors in the test data. Principal component analysis was performed on the test elements according to the above classification (Figure 5, Figure 6 and Figure 7). According to the principal component analysis of various elements in different classifications(Figure 8a,b), the eigenvalue of the major principal component (M1) were all greater than three, while the eigenvalues of other principal components were all less than one, which indicates that M1has included most of the information of factors. The correlation statistics between M1 and AER exhibited a good linear correlation (Figure 8c). There were 72 samples in-all of insecticides in the test. The complex correlation coefficient R2 of the AER measured in the test with air temperature, relative humidity and air pressure were 0.568, 0.529 and 0.434 respectively. The M1 was linearly correlated with the AER, and R2 equals 0.719.





4. Discussion


Only a few studies have reported the determination of EP values for pesticides at home and abroad so far. According to the report of CDPR [34], the maximum EP threshold (%) of high-VOCs pesticide (taking abamectin as primary active ingredient) was 35% in the best-case scenario. According to the above standards, this study analyzed six high-VOCs insecticide products (A0202, A0203, A0204, C0202, B0201, and G0201) commonly used in China, and the results were listed in Table 3 and Table 4. The active ingredient with the highest proportion was abamectin, which implied that the high-VOCs pesticide products containing abamectin were commonly used in China, as in California in the US [34,35]. On the basis of limited reports or documents, the reports of Zhan and Zhang and CDPR were selected for comparison with this study [34,36]. Compared to the results of the present study, the EP mean values of abamectin as the active ingredient were 47.13 [36], 15.98 [34], and 50.37 in this study, respectively. The differences in the number of insecticide samples and the solvents used in different insecticide products may be responsible for the distinctions of EP values from the same active ingredient. Previous studies have verified that the solvent type used in different pesticide formulations is also the main reason affecting on the VOC emission potential [2,22,37]. In total, the EP values measured in this study are very close to other reported values in the case of the same and similar samples.



In order to explore the relationship between insecticide types and VOC volatilization potential, the correlations of MC, TM and EP values for different insecticides (n = 9) were compared, and the results are shown in Table 3 and Figure 4. For the whole sample, no significant correlations were presented between EP and TM, as well as MC and TM, with their correlation coefficients (R2) being less than 0.3. However, a weak negative correlation was presented between MC and EP (R2 = 0.337, p < 0.01).



Summarizing the whole study, the EP values of nine sampled products ranged from 12.30% to 81.30%, the mean of AE values ranged from 6.32% to 44.63%, and the mean of AER values ranged from 46.82% to 72.12%. The data demonstrate that (1) the actual emission during agricultural application of the insecticide products was evidently lower than its emission potential; (2) the volatilization proportions of different insecticide types in actual application varied greatly.



As seen from different insecticide formulations, the mean AER values of insecticide products conformed to the following sequence: EW (72.12%) > SL (63.03%) > SC (58.69%) > EC (52.95%) > AS (48.76%). The maximum and minimum AERs followed the same sequence with the mean values. However, the sequences of mean, maximum and minimum AERs were differentiated in different insecticide types. The A0204 is an avermectin EC formulation, with the lowest mean, maximum and minimum value among all types of insecticide. However, the A0204 also has a highest EP value (81.30%) in all the samples, so the actual emission amount of this type was still large. The D0201 is a β-Cyfluthrin EW formulation, with the highest mean and minimum AER value among all types of insecticide, while the highest maximum value (87.07%) belongs to C0201, a thiamethoxam SC formulation. We can find that (1) the volatilization proportions of different formulations varied greatly, and among them, EW formulation has the highest value of mean AER and AS formulation has the lowest value of mean AER; (2) the AER value of different insecticide type varied in different trend curves, e.g., the AER of C0201 changed sharply, while that of D0201 varied more gently.



The correlation between the complex factor of meteorological elements and the AER exhibited a good linear correlation (Figure 8), and the M1 was linearly correlated with the AER values (R2 = 0.719). The complex correlation coefficient (R2) of the AER measured in the test with air temperature, relative humidity and air pressure were 0.568, 0.529 and 0.434 respectively. The analysis demonstrates that (1) the temperature element has the most significant correlation with the AER trend among the composite meteorological factors; (2) the AER trend curve of different insecticide types in actual application varied greatly due to their differentiated degrees of affection by meteorological factors.



During the greenhouse tests, the meteorological elements during the application of insecticide products were recorded. Through the correlation analysis of the meteorological factors during the test and the measured insecticide AER value, it was found that the correlation between AER and each meteorological element was consistent, whether the statistics were made according to overall sample, formulation classification, or each sample separately. The AER values were positively correlated with the temperature, and negatively correlated with the relative humidity and air pressure. As mentioned above, the analysis showed that the temperature had the strongest correlation with the AER, so it had the greatest impact on VOC volatilization during insecticide application. Table 5 shows the actual volatilization characteristics of insecticides under different temperature conditions during the greenhouse test. It can be seen that the average value of AER is 0.66 when the temperature is above 25 °C, which is about 40% higher than 0.47 when the temperature is below 25 °C. The minimum AER values under the two temperature ranges were 0.39 and 0.21 respectively, and the former is about 83% higher than the latter. In high temperature conditions, the AER during insecticide application increases significantly. Considering temperature as a meteorological element that can be obtained in time when insecticides are applied, it is recommended to avoid high-temperature-application as much as possible in actual agricultural production, which can effectively reduce the pollution of atmospheric environment caused by pesticide application. Choosing morning or evening as application time can be an effective response to reduce environmental pollution caused by insecticide application.



To our knowledge, this is the first research about the agricultural insecticide use and VOC emissions of commercial pesticide products in China based on a laboratory test and a greenhouse test. The results from this study have demonstrated that a large amount of VOCs would be discharged during the production and use of commercial pesticides. This information provides some useful guidance for developing effective measures to reduce pesticide VOC emission, and further cutting down its contribution to O3 and PM2.5 formation.




5. Conclusions


Based on the laboratory and greenhouse experiments, this study evaluates the volatilization of VOCs in the actual application of insecticides. Considering the total amount control of insecticide VOCs, it provides a technical reference for the establishment of corresponding emission characterization and qualifying the amounts of VOC emissions during pesticide application. The VOCs emission potential coefficients of nine insecticides were quantitatively determined and the actual volatilization tests were conducted in the greenhouse to determine the main influence factors between the emission potential and the actual emission. The conclusions were as follows:




	(1)

	
The EPs of nine insecticide samples ranged from 12.30% to 81.30%, with a median of 41.59% and a mean of 45.41%.There were no correlations either between EP and TM, nor between MC and TM in the whole sample analysis, but there was a weak positive correlation between MC and EP;




	(2)

	
Compared the actual emission and potential emission of insecticide VOCs, the average AER (%) of each formulation was ranked as: EW (72.12) > SL (63.03) > SC (58.69) > EC (52.95) >AS (48.76); and




	(3)

	
Analyzing the emission characteristics of insecticide VOCs during application and the influence of formulations and meteorological factors by principal component analysis, it was found that AER value was significantly positively correlated with temperature change, at the same time, significantly negatively correlated with relative humidity and atmospheric pressure. Among all the meteorological elements, the temperature had the strongest correlation with the AER.









In addition, the results of the present study indicate that numerous quantitative tests of pesticide use may be, in some cases, a possible adjunct to the emission inventory of pesticide VOC emissions.
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Figure 1. Location of the sampling point. 
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Figure 3. EP value of tested samples (%). 
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Figure 4. (a): Correlation analysis between MC and EP of insecticide products. (b): Correlation analysis between TM and EP of insecticide products. (c): Correlation analysis between TM and MC of insecticide products. 
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Figure 5. Relationship between AER of insecticide and air temperature. 
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Figure 6. Relationship between AER of insecticide and relative air humidity. 
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Figure 7. Relationship between AER of insecticide and air pressure. 
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Figure 8. (a): Characteristic value of major components. (b): Elements of the major principal component (M1). (c): Correlation between AER of insecticide samples and M1. 
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Table 1. General list of selected insecticides.
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Tested No.

	
Product No.

	
Pesticide Formulation

	
Active Ingredient






	
Insecticide

	
A0201

	
PD20095706

	
Emulsifiable concentrate

	
Abamectin




	
A0202

	
PD20121299

	
Emulsifiable concentrate

	
Abamectin




	
A0203

	
PD20141452

	
Emulsifiable concentrate

	
Abamectin




	
A0204

	
PD20120093

	
Emulsifiable concentrate

	
Abamectin




	
C0201

	
PD20150289

	
Suspension concentrate

	
Thiamethoxam




	
C0202

	
PD20094278

	
Suspension concentrate

	
Bacillus thuringiensis




	
B0201

	
PD20140436

	
Aqueous solution

	
Nitenpyram




	
D0201

	
PD20170562

	
Emulsion (oil in water)

	
β-Cyfluthrin




	
G0201

	
PD20130350

	
Soluble concentrate

	
Imidacloprid
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Table 2. Characteristics of meteorological elements during the tests.
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	Meteorological Element
	Average
	Maximum
	Minimum





	Temperature (°C)
	25.6
	41.0
	9.0



	Relative humidity (%)
	74.8
	92.0
	44.0



	Air pressure (hPa)
	1007.5
	1021.0
	998.0
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Table 3. MC, TM and EP of tested insecticides (%).
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	Tested No.
	Insecticide Formulation
	Active Ingredient
	EP
	MC
	TM





	A0201
	EC
	Abamectin
	15.10
	0.72
	15.82



	A0202
	EC
	Abamectin
	63.49
	2.98
	66.48



	A0203
	EC
	Abamectin
	41.59
	0.87
	42.46



	A0204
	EC
	Abamectin
	81.30
	0.77
	80.79



	C0201
	SC
	Thiamethoxam
	12.30
	57.25
	69.55



	C0202
	SC
	Bacillus thuringiensis
	63.21
	0.65
	63.86



	B0201
	AS
	Nitenpyram
	35.59
	1.93
	37.52



	D0201
	EW
	β-Cyfluthrin
	25.33
	69.18
	94.50



	G0201
	SL
	Imidacloprid
	70.80
	0.21
	71.01
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Table 4. Actual emission ratio of total VOCs during applied typical insecticides.
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Tested No.

	
Pesticide

Formulation

	
Active

Ingredient

	
AE (%)

	
AER (%)




	
Average

	
Maximum

	
Minimum

	
Average

	
Maximum

	
Minimum






	
A0201

	
EC

	
Abamectin

	
7.68

	
10.87

	
5.38

	
50.85

	
71.98

	
35.61




	
A0202

	
EC

	
Abamectin

	
38.48

	
47.80

	
28.06

	
60.61

	
75.29

	
44.19




	
A0203

	
EC

	
Abamectin

	
22.26

	
30.42

	
14.59

	
53.52

	
73.13

	
35.07




	
A0204

	
EC

	
Abamectin

	
38.07

	
51.46

	
23.00

	
46.82

	
63.29

	
28.29




	
C0201

	
SC

	
Thiamethoxam

	
23.49

	
30.99

	
16.54

	
65.98

	
87.07

	
46.47




	
C0202

	
SC

	
Bacillus thuringiensis

	
6.32

	
8.41

	
4.45

	
51.40

	
68.32

	
36.13




	
B0201

	
AS

	
Nitenpyram

	
30.82

	
41.96

	
22.57

	
48.76

	
66.39

	
35.71




	
D0201

	
EW

	
β-Cyfluthrin

	
18.27

	
21.85

	
15.20

	
72.12

	
86.26

	
60.02




	
G0201

	
SL

	
Imidacloprid

	
44.63

	
56.79

	
33.17

	
63.03

	
80.21

	
46.85
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Table 5. Statistics of AER characteristics of different temperature ranges during the tests.






Table 5. Statistics of AER characteristics of different temperature ranges during the tests.





	
Air Temperature

	
Air temperature Characteristics

	
AER Characteristics




	
Average

	
Maximum

	
Minimum

	
Standard Deviation

	
Average

	
Maximum

	
Minimum

	
Standard Deviation






	
Above 25 °C

	
33.90

	
41.00

	
26.00

	
4.70

	
0.66

	
0.86

	
0.39

	
0.11




	
Below 25 °C

	
16.10

	
25.00

	
9.00

	
5.40

	
0.47

	
0.72

	
0.21

	
0.12




	
Total

	
25.60

	
41.00

	
9.00

	
10.20

	
0.57

	
0.86

	
0.21

	
0.15
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