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Abstract

:

Three combined investigations were conducted to examine the sources of PM2.5 in agricultural areas. The first was the measurement of PM2.5 and gaseous compounds in the greenhouse, which is a relatively closed system, while the second was the analysis of pesticide components used in agricultural areas. Finally, the physical and chemical properties of PM2.5 were analyzed in an orchard area and compared with the results of the greenhouse and agricultural chemical analyses. As a result, this research was able to confirm the source of emission and characteristics of PM2.5 originating from the agricultural area. Volatile organic compounds (VOCs) in agricultural areas are emitted by agricultural chemicals, and the discharged agricultural chemicals are first absorbed into the soil, and then released into the air by evaporation. Finally, the secondary products of PM2.5 in agricultural areas were estimated to have positive relationships with the VOCs from agricultural chemicals, and NH3 from fertilizers. The photochemical reactions of VOCs and NH3 were responsible for the impact on secondary products.
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1. Introduction


Air pollution caused by industrial development is becoming a major threat to human health at a global level. As of 2016, more than 91% of the regions around the world did not meet the standard of air criteria provided by the World Health Organization (WHO) [1]. In particular, fine particulate matter (PM2.5) is one of the air pollutants which is rapidly increasing in China and other developing countries, where urbanization and industrialization are progressing at great speed [2,3,4,5]. Among several air pollutants, PM2.5 is an important environmental factor, because it has a negative impact on the environment, such as causing a reduction in visibility distance and the global heat budget, and the disturbance of the ecosystem, as well as posing risks to the respiratory system and increasing cardiovascular diseases in humans [6,7,8,9].



PM2.5 in the air can be emitted by various kinds of human activities: agricultural activity, such as soil cultivation, is one of the main human activities that causes PM2.5 emissions in rural areas [10,11]. According to previous studies, PM2.5 originating from agricultural activities can be categorized into mechanical factors during harvest and grain processing, the floating of ground particles by wind, and secondary generation of precursors from the use of chemicals, such as fertilizers and pesticides, used for the growth of crops [11,12,13]. When evaluated at the country level, the total amount of PM2.5 emitted by agricultural activities is higher than those that originate in urban and industrial areas. For example, in Europe, a survey investigating the sources of PM2.5 revealed that PM2.5 emitted by agricultural activities assumes the highest proportion, compared to other human activities [9,14]. Therefore, in order to reduce the amount of PM2.5, it is necessary to confirm the amount of emissions and the mechanism of PM2.5 generation in rural areas.



There has been a wide range of investigations into the amount of PM2.5 emissions from agricultural activities in European countries, the USA, and Canada. These countries use bottom-up tracking methodology based on emission coefficients and activity levels of agricultural activities to estimate the amount of PM2.5 emissions from the agricultural activities [13]. Therefore, emission coefficients and activity coefficients with high accuracy are required to calculate the amount of PM2.5 emissions from agricultural source. However, the emission coefficient derived from agricultural activities has multiple factors of uncertainty, even when the same kind of crop is cultivated, because of regional soil characteristics, different conditions in water quality, and differences in crop cultivation systems [13]. Therefore, to estimate the amount of PM2.5 originating from agricultural activities using emission coefficients, it is necessary to calculate amounts at a regional level by considering variables from conditions such as soil characteristics, cultivation system, and climate. However, it is almost impossible to calculate the emission coefficient for each region, because it requires a huge amount of effort. Therefore, some researchers insist that the measurement of the amount of PM2.5 emitted by agricultural activities should be based on the concentration of PM2.5 by on-site measurement, rather than the use of emission coefficients [15,16,17,18]. Agricultural activities emit various kinds of precursors, which in addition to the PM2.5, could originate secondary aerosols. It was reported that 92.2% of NH3 originated in China is emitted by agricultural activities, and agricultural activities also originate benzene, toluene, ethylbenzene, and xylene (BTEX) [19,20]. Therefore, to reduce the emission of PM2.5 by agricultural activities, it is necessary to measure not only local PM2.5, but also gaseous precursors, and to confirm the secondary formation mechanism of PM.



This research investigated the origination of PM2.5 emitted by agricultural activities. For this purpose, this study was conducted in three steps. The first step was to measure the PM2.5 and PM2.5 precursors originating from agricultural activities in the greenhouse; and the second step was to analyze the VOCs in the agricultural chemicals used in the research area. The final step was to analyze the physicochemical properties of PM2.5 originating in the agricultural environment, and gaseous compounds in the research area. As a result, this research was able to confirm the secondary products of PM2.5 originating from the agricultural source.




2. Materials and Methods


2.1. Sampling Location of Greenhouse


To examine the originations of PM2.5 in agricultural areas, three different experiments were performed. The first was to measure PM2.5 and precursor gases in the greenhouse, which is a relatively closed system, compared to the outdoor area. PM2.5 (5014i, Thermo Scientific, Waltham, MA, USA), NO, NO2 (42iQ, Thermo Scientific, Waltham, MA, USA), and NH3 (Los Gatos Research (LGR), ABB Inc., San Jose, CA, USA) were studied for 28 days in greenhouses (about 8 m × 160 m) in the Wanju area (Figure 1) from 9 October to 7 November 2020. The separated sampling site (2.5 m × 2.5 m) was about 3 m away from the greenhouse. The samples were collected using a half inch diameter Teflon tube.




2.2. Sampling Location of Agricultural Areas


To examine the originations of PM2.5 in agricultural areas, PM2.5 and gaseous pollutants were measured for two weeks from 6 July to 20 July 2020 at an apple orchard located in Jang-Su, Jeollabukdo, Republic of Korea (Figure 1). The collected PM2.5 samples were analyzed for organic carbon (OC), elemental carbon (EC) with the National Institute of Occupational Safety and Health (NIOSH5040) protocol, equivalent black carbon (eBC) from multi-angle absorption photometer (MAAP) (5012, Thermo Scientific, Waltham, MA, USA), water soluble organic carbon (WSOC) from total organic carbon (TOC) (Sievers M9, General Electoric, Boston, MA, USA) analyzer, water-soluble ions from ion chromatography (IC) (Metrohm 930, Herisau, Switzerland), and trace elements from Energy Dispersive X-ray Fluorescence Spectrometry, ED–XRF (ARL QUANT’X EDXRF Spectrometer, Thermo Scientific, Waltham, MA, USA), to investigate the characteristics of PM2.5 in agricultural areas. During the measurement period, gaseous compounds, such as NH3, NO and NO2, were analyzed in real time; and additionally, VOCs were collected using solid adsorption. All instruments were operated in an air monitoring trailer with meteorological monitoring during the sampling periods.




2.3. Volatile Organic Compounds (VOCs) Analysis


The sequence VOCs sampler was implemented at a flow rate of 50 mL/min to minimize the loss of low VOCs, and automatically collected using an automatic switch that functions every 3 h (Figure 2). VOCs (Custom (Q-QC27-1), Kemidas (M-VAVOC 503M2), Gyeonggi-do, Korea) were used as standard material for analysis. The internal standard material was chlorobenzene-d5 manufactured by Kemidas. solid adsorption tube (C2-CAXX-5149) (Markes International, Ltd., CF31 3RT, UK) was utilized for sample collection and calibration curve. VOCs were analyzed using Thermal Desorption (Unity2, Markes International, Ltd., CF31 3RT, UK) gas chromatography (GC) (7890A, Agilent, Santa Clara, CA, USA) mass spectrometry (MS) (5975C, Agilent, Santa Clara, CA, USA), and the analysis method was US EPA TO-17 (solid adsorption method). There were 33 compounds for analysis that included benzene, toluene, ethylbenzene, and xylene both for agricultural chemical analyses and orchard ambient (Figure 3). The 1 μL of a diluted solution by mixing two standard VOCs in the solid adsorption tube was collected using nitrogen gas at a flow rate of 50 mL/min. In addition, 1 μL of chlorobenzene-d5 at the concentration of 50 mg/L was injected into the adsorption tube and all the samples at a flow rate of 50 mL/min, using nitrogen gas to finalize the calibration curve. After that, the VOCs collected in the solid adsorption tube were desorbed by thermal desorption, inducing low-temperature concentration and resorption at −20 °C, and then thermally desorbed at 320 °C for 15 min, and transferred to the GC. After GC injection, samples were separated by a column of 60 m length, 0.25 mm inner diameter, and 0.25 μm thickness, and were finally quantified by quadruple mass spectrometry.





3. Results


3.1. Observation of Gaseous Components and Analysis of Agricultural Chemicals in Greenhouse


To examine the originations of PM2.5 in agricultural areas, three different experiments were performed. The first was to measure PM2.5 and precursor gases in the greenhouse, which is a relatively closed system, compared to the outdoor area. The second was to analyze the components of pesticides, herbicides, and vapor deposition agents used in the agricultural source. Finally, by measuring the characteristics and precursors of PM2.5 in an outdoor area, the source of PM2.5 in agricultural areas could be defined. For this purpose, PM2.5, NO, NO2 and NH3 were studied for 28 days in greenhouses in the Wanju area (Figure 1), and four different kinds of pesticides, germicides, herbicides, and vapor deposition agents were used to analyze the characteristics of PM2.5 at orchards of the Jangsu area.



Figure 4 shows the results of PM2.5, NO, NO2 and NH3 measured at the Wanju greenhouses. The average concentration of PM2.5 observed during the study period was 12.98 µg/m3, the average concentration of NO was 8.11 ppb, the average concentration of NO2 was 15.11 ppb, and that of NH3 was 101.34 ppb. In addition, the maximum concentration observed during the measurement period of PM2.5 was 29.96 µg/m3, and those of NO, NO2, and NH3 were 55.06, 183.62 and 309.27 ppb, respectively. According to the monthly atmospheric report of Jeonbuk province in October 2020 from the urban atmospheric measurement network data of the monthly atmospheric report, the average concentration of PM2.5 was 17 µg/m3, and the maximum concentration over 24 h was 32 µg/m3, while the average concentration of NO2 was 9 ppb, and the maximum concentration during 24 h was 12 ppb. Comparing the monthly atmospheric report to the measurements of this study, the concentration of PM2.5 was similar, while NO2 was 1.7 times higher than the local concentration on average, and more than 20 times higher at maximum. The concentration of ammonia is not shown in any publication of the same province. When comparing the 6.9 ppb of NH3 concentration in Seoul suggested in the previous study, NH3 in the research area was 14.7 times higher than the average concentration, and 44.8 times higher than the maximum concentration [21]. That means that the above result shows that the concentration of PM2.5 in the greenhouse is similar to or lower than the concentration of the local area, but the precursor gases, such as NO2 and NH3, are higher than the local concentration.



Figure 5 shows the concentrations of PM2.5, NO, NO2 and NH3 measured in the greenhouse over time. PM2.5 had concentration range of 11.03–15.01 µg/m3 with standard deviation of 1.23 µg/m3, which means there was no significant change in concentration over time. On the other hand, NO was in the range 3.76–16.9 ppb, with standard deviation of 3.24 ppb; NO2 was in the range 9.93–26.77 ppb, with standard deviation of 5.22 ppb; and NH3 was in the range 78.77–141.54 ppb, with standard deviation of 15.01 ppb, which means that the variation was higher than the variation of PM2.5. When looking at the concentrations of NO and NO2 over time, the concentrations of NO and NO2, which were relatively stable at night and dawn, increased after 7 a.m., and NO showed the maximum concentration at 9 a.m., and then decreased. On the other hand, the maximum concentration of NO2 was observed between 10 and 11 a.m., which was about 1 to 2 h later than the time when the maximum concentration of NO was observed. This is interpreted as NO changing into NO2 by typical photochemical reaction. The change of NH3 concentration overtime was relatively constant at dawn and nighttime, like NO and NO2; and after 8 a.m., the NH3 concentration started to rise, and showed the maximum concentration at 11 a.m. After that, it gradually decreased until 5 p.m., and then remained relatively constant. It is difficult to understand the characteristics of the primary emission source, because fertilizer, crop and soil characteristics, crop management, and meteorological conditions have multiple impacts on the emission of NH3 in the agricultural environment [15,16,17,18]. NH3 in the greenhouse can be evaporated by temperature rise based on the time when the NH3 concentration increases and reaches the maximum during the daytime. As a result of measuring the level of PM2.5 and precursor gases for 28 days in the greenhouse, which is a relatively closed system, agricultural activity did not significantly affect the increase in PM2.5. However, an increase in precursors, such as NO, NO2 and NH3, was observed from agricultural activities; and it was found that each material increase was based on temperature and photoreaction.



VOCs are air pollutants with a boiling point of 50 to 260 °C at room temperature (RT) and atmospheric pressure. Among VOCs, benzene, toluene, ethylbenzene, and xylene (BTEX) are all designated by the EPA as hazardous air pollutants (HAPs) [22,23]. In terms of PM2.5 formation, oxygenated volatile organic compounds (OVOCs) generate particulates by themselves in the atmospheric environment through the process of condensation and nucleation, and are also involved in the photochemical reaction of ozone (O3) and nitrogen oxides, which has an impact on the generation of secondary organic aerosols (SOA) and secondary nitric aerosols [24,25,26].



In agricultural areas, VOCs are emitted in various forms. VOCs are formed as products of resistance to environmental factors that put stress on plant growth [27,28]. This means that they are caused by beneficial ecological functions that can promote plant health, such as repelling predators and parasites that affect plant growth, or attracting beneficial animals [29,30,31]. It is also suggested that in agricultural environments, VOCs are emitted when a pesticide is sprinkled. According to a previous study, it was reported that VOCs of 0.6–5000 ppb were contained in the wastewater of pesticide plants, which raised concerns about the increase in VOCs in agricultural soil [32]. Another previous study reported the increase in benzene, toluene, ethylbenzene, xylene, and styrene (BTEXS), which are major components of pesticides in the soil by agricultural activities [33]. Based on these results, it was suggested that VOCs-based organic solvents contained in pesticides are directly discharged into the air and soil by agricultural activities. Therefore, in this study, VOCs content was investigated by analyzing pesticides used in agricultural areas.



To investigate the origination of PM2.5 in agricultural areas, the VOCs contained in four kinds of agricultural chemicals were analyzed. We selected pesticides, fungicides, herbicides, and vapor deposition agents that are available in the market and are mainly used in apple orchards. The reason for selecting the agricultural chemical used in the apple orchard is that the main crop in the orchard area investigated in this study is apple. Table 1 shows the concentrations of VOCs contained in agricultural chemicals. The agricultural chemicals that were analyzed contained VOCs in the range of 13 to 710 mg/L, and the VOCs level was high in this order: vapor deposition agent > germicide > herbicide > pesticides at 710.71, 86.43, 33.63, 13.92 mg/L, respectively. Looking at the representative VOCs contained in the agricultural chemicals that were investigated, the % contents in pesticides, fungicides, and herbicides were high in this order: benzene > ethylbenzene > m&p-Xylene > toluene > styrene > o-Xylene at 33.58, 16.37, 15.33, 12.03, 8.36, 4.76%, respectively, and all other aerosols were less than 3%. Even though benzene was not analyzed in the pesticide sample, the overall average of Benzene is the most abundant among the major VOCs. This means that the main VOCs of pesticides, fungicides, and herbicides, except for vapor deposition agents, were BTEXS, which is consistent with BTEXS soil contamination, which is increasing due to agricultural activities in rural areas in China, as suggested in a previous study [33]. Meanwhile, the vapor deposition agent showed the highest ratio of naphthalene (58.90%) and acrylonitrile (36.63%) among the total VOCs. However, the concentration of BTEXS in the vapor deposition agent was higher than that of the other VOCs, and naphthalene and acrylonitrile are considered to be characteristics of the agricultural chemicals measured in this study.




3.2. OC Characteristics of PM2.5 in Orchard Areas


Table 2 shows the results of PM2.5 and gaseous compounds in real-time at the orchard area observed during the study period. The rePM2.5 presented in the table is the result of summing the concentrations of OC, EC, water-soluble ions, and heavy metals among the analysis compounds. rePM2.5, OC, water-soluble ion, heavy metal, and EC were 47.91, 43.20, 5.02, and 3.87%, respectively. In this study, H, N, S, O, and other water-soluble ions other than the three components, which constitute organic substances other than carbon, were not analyzed. However, since the contents of H, N, S, and O, excluding the carbon component, are generally calculated using the OM/OC ratio based on the molecular weight of each component constituting the OC, the OC presented in this study can represent the amount of organic aerosols included in PM2.5 [34,35,36,37]. Additionally, according to previous studies, the SO42−, NO3− and NH4+ (SNA) analyzed in this study takes the largest portion of the PM2.5 ionic components, and these components are known to be important factors in SOA formation [38]. Therefore, based on the concentration of OC and the three water-soluble ions presented in this study, it is judged that there will be no major issue in interpreting the cause of PM2.5 in agricultural areas. In conclusion, it can be confirmed that OC and ion components have a great impact on PM2.5 in agricultural areas.



OC can be briefly divided into water-insoluble OC (WIOC) and water-soluble organic carbon (WSOC). WIOC mainly originates through the combustion of fossil fuels, and is known to be emitted from primary origins [39,40]. On the other hand, WSOC can be emitted directly as primary particles from biomass combustion (BB) sources, or can originate by SOA formation [24,41,42]. Therefore, in this study, the proportion of WSOC among OCs was confirmed, and the result showed that WSOC took 95.09% of OCs. In other words, it can be confirmed that the PM2.5 in the study area originated through the combustion of biomass or the reaction of SOA formation, rather than originating from the combustion of fossil fuels.



WSOC can be described in two forms. One is WSOC (biomass-burning, WSOCbb) by biomass combustion, while the other is WSOC (non-biomass-burning, WSOCnbb) by secondary organic compounds. In this study, WSOCnbb was calculated by referring to the calculation method from previous studies to determine the source of WSOC [43]. Briefly, WSOCnbb is determined by differences between total WSOC and biomass burning WSOC calculated from the ratio of levoglucosan to OC. As a result, WSOCnbb accounted for 90.71 and 95.40% of OC and WSOC, respectively. Therefore, it was suggested that the WSOC in the study area originated in secondary organic compounds, rather than in the primary biomass burning, from the results of levoglucosan analyzed in this study. Levoglucosan is a substance that can be produced only by the decomposition of cellulose and hemicellulose when the combustion temperature is higher than 300 °C [44,45]. Therefore, levoglucosan is used as one of the indicators of PM2.5 from biocombustion, and the ratio of levoglucosan to OC (L/OC) is mainly used to track biomass burning combustion using water-soluble model [46,47,48]. Since the L/OC ratio has lots of variables, such as the type of biomass to be burned, and the combustion conditions, an absolute value in standard does not exist [49]. However, it was suggested that the maximum contribution of BB to OC was about 33%, and the minimum contribution was 4% [48]. Based on this, the L/OC of this study was 3.43%, confirming that the contribution of BB to OC was almost zero. In conclusion, OC, which takes a large portion of the PM2.5 composition in the study area, did not originate from the combustion of biomass burning.



As discussed, previous studies maintained that the secondary organic carbon (SOC) can be represented by WSOC without the effect of biomass combustion [50]. In other words, it was determined that most of the OC in PM2.5 in the study area was formed by SOC. Additionally, in terms of secondary products, WSOC involves the conversion of gaseous compounds into particles through the oxidation of VOCs [39,45,50,51]. Therefore, in this study, VOCs were measured for 31 compounds in the study area during the study period (Table 3). Table 2 shows that the total of the average concentration of VOCs (ΣVOCs) in the study area was 10.2351 ppb. The average concentration of Toluene, m&p-Xylene, o-Xylene, ethylbenzene, benzene, and styrene presented 5.62, 1.11, 1.02, 0.68, 0.65 and 0.20 ppb, respectively. In addition, among the 31 compounds analyzed, BTEXS accounted for 90.73% of ΣVOCs, accounting for most of the VOCs in the study area. It is known that BTEX is mainly emitted through the combustion of fossil fuels, such as car exhausts, industrial activities, such as petrochemicals, and the combustion of heating fuel for houses [52,53,54]. However, the research area was an orchard area where apples are harvested, and there are almost no residential or industrial complexes nearby, as it is more than 300 m away from the main road, without much traffic. In addition, the study result of OC also showed that the main causes of WSOC, WIOC, WSOCbb, and WSOCnbb were not clearly confirmed. On the other hand, BTEXS, which showed a high proportion of VOCs observed in the study area, was consistent with the major VOCs components of pesticides, germicides, and herbicides analyzed in this study. Therefore, it is considered that the VOCs observed in the study area are derived from the agricultural chemicals used in the agricultural area.



VOCs in the air are known to be important precursor gases of SOA [55]. According to previous studies, semi-volatile or non-volatile aerosols are originated by photochemical oxidation reaction (mainly OH radical reaction), and then react with nitrogen oxide in the presence of solar radiation to generate SOA [56,57]. Therefore, VOCs in the air can generate secondary PM2.5 based on photochemical reactions. Therefore, in this study, to check the effect of VOCs on PM2.5 generation in the study area, the data were categorized into rainy days, and sunny days without rain, during the study period. This was performed to confirm the relationship between the OC originating from the photochemical reaction, and the concentration of VOCs in the air. As a result, Table 2 shows that the OC in PM2.5 was (4.66 and 2.01) µg/m3 on a sunny and rainy day, respectively, which showed decrease of about 56.89% in rainy days compared to sunny days. Table 3 confirms that ΣVOCs were (11.29 and 7.30) ppb on sunny and rainy days, respectively, which is a 35.35% reduction. Although there is a large difference between the reduction rate of VOCs and the reduction rate of OC, the correlation between the daily VOCs concentration and the daily OC concentration is 0.8 or higher, confirming that VOCs have a significant impact on the OC concentration. Judging from the reduced concentration of OC and VOCs on rainy days compared to sunny days with active photochemical reactions, it was found that OCs in the study area originated from photochemical reactions of VOCs.



The production yield for VOCs was calculated with the assumption that WSOCnbb in the study area originates by secondary products by VOCs, and it was estimated by using the yield production of each component suggested in a previous study with the assumption that under normal atmospheric conditions, the measured BTEXS fully reacts [58,59,60,61,62,63,64]. As a result, particles that originated from BTEXS were found to be 2.35 and 4.01 µg/m3 when the minimum and maximum coefficients of yield production were applied, respectively. When the number of particles calculated from the daily BTEXS was compared with WSOCnbb, the determination coefficient r2 was 0.4125, which was relatively low. This result is based on the yield production used in the above calculation being the coefficient derived from the chamber experiment, hence many variables from the actual atmospheric state were not able to be applied. On the other hand, the calculated amount of BTEXS particle originated was 2.35–4.01 µg/m3, and the measured WSOCnbb average was 3.59 µg/m3, which is a result with significance. It is difficult to accurately calculate the formation of VOCs particles based on the results analyzed so far, but based on the calculated results only, it is estimated that the impact of BTEXS on WSOCnbb in the study area is relatively high.



In order to confirm the emission characteristics of VOCs that originate in agricultural areas, Figure 6 shows the ratio of m,p-xylene/ethylbenzene (X/E) and toluene/benzene (T/B) that was confirmed. The X/E ratio is used as data that can confirm the photochemical time change after the generation of VOCs. In general, m,p-xylene and ethylbenzene originate by the same source of emission, though the theory that the decomposition rate by OH radicals in the air varies is applied, because the rate of oxidation is different [65]. That means that the KOH of m-xylene and p-xylene is 23.6 and 14.3, and the lifetimes in the air are 11.8 and 19.4 h, respectively. However, the KOH of ethylbenzene is 6.05, and the lifetime in the air is about 1.6 days [65]. Therefore, when m,p-xylene and ethylbenzene are emitted from the same source, the ratio of X/E decreases as the photochemical reaction time goes by. Additionally, based on this, the higher the ratio of X/E, the higher the influence of local occurrences, and the lower the ratio of X/E, the larger the radius of influence from external inflows and VOCs from the source [66]. The average X/E measured during the study period was 1.86. The range of X/E for major cities confirmed by previous studies is relatively constant, ranging (2.8 to 4.6) in the absence of strong emission sources in particular [65]. In addition, the X/E ratio of the suburbs of Colorado, USA, confirmed in the previous study, was 2.0, while the urban background concentration of Italy was 1.55, and these areas were found to be affected by the urban area [67,68]. Additionally, the X/E ratio of the four agricultural chemicals analyzed in this study for pesticides, germicides, herbicides, and vapor deposition agents was 14.68, 0.78, 1.26 and 1.20, respectively, with an average of 4.48. Considering that the study period was summer, and the cultivated crop was the apple, it was assumed that the use of pesticides was high. Therefore, it can be concluded that after VOCs are emitted from the emission source, the ratio of X/E measured in the study area, which is 1.86, shows relatively long-term photochemical time change.



The T/B of this study ranged from 1.89 to 33.05, with an average of 10.05, and 101 out of 106 observed T/B showed 4.0 or higher. T/B is used as data for estimating emission sources. Generally, biomass combustion has T/B of 1 or less, 0.1–5 for coal combustion, 0.5–10 for combustion by vehicles such as gasoline and diesel, and 1 or more for emissions from industrial processes and solvents, which in previous studies showed up to 10,000 [69]. The mean value of T/B in this study is 10.05, and as Figure 6 shows, a ratio of 10 or higher represents more than 40% of the entire observed values. In addition, the research area is the center of the orchard, and there is no industrial area within a radius of 1 km of the observation point. In other words, considering the observed value of T/B in the study area and the surrounding environment, the source of VOCs in the study area is assumed to be solvents, and that seems to be due to the agricultural chemicals used in the orchard area.



In this study, it was suggested that the agricultural chemicals used in agricultural activities are the source of VOCs in agricultural areas. In addition, it was confirmed that the measured VOCs had a photochemical time change for a long time after emission. Therefore, to confirm the process of VOCs emission into the air after agricultural chemicals are applied, the correlation between toluene/ethylbenzene (T/E) was investigated. According to previous studies, toluene and ethylbenzene originate from the same emission source, and the lifetime in the air is close to (1.9 and 1.6) days, respectively, which are quite similar to each other [65]. On the other hand, the boiling points of toluene and ethylbenzene differ by 110 and 136 °C, respectively. Therefore, in the previous study, the emission type was estimated based on the correlation of T/E. When toluene and ethylbenzene were emitted by combustion, such as automobiles and heating, a high correlation of 0.9 or higher was observed. On the other hand, when toluene and ethylbenzene were emitted by evaporation other than combustion, a low correlation of 0.5 or less was observed [65,70]. In addition, the study has shown that volatile aerosols, such as BTEX contained in soil, are volatilized into the air by the action of microorganisms, temperature, and photoreaction. In particular, as moisture evaporates after rain, the amount of evaporation of VOCs contained in the soil increases accordingly [33,71,72,73]. Based on these previous studies, the results of this study were confirmed. As a result of examining whether toluene and ethylbenzene, which are estimated to be the sources of VOCs emission in agricultural areas, are contained in agricultural chemicals, all four agricultural chemicals analyzed in this study were mixed with toluene and ethylbenzene. Therefore, it was possible to confirm the emission form based on the correlation of T/E in previous studies. The correlation of T/E was 0.79 throughout the entire study period, showing a relatively high correlation. However, it is difficult to confirm the emission form of VOCs, because this result includes chemical reactions, such as the oxidation state of VOCs released into the air. Therefore, in this study, the correlation of T/E was confirmed based on the evaporation time of surface moisture after rain during the study period. As a result, the correlation of T/E was found to be 0.49. This means that the study concluded that VOCs contained in the soil were released in the form of evaporation, rather than VOCs released by combustion.



In conclusion, when T/B indicating the emission source by solvent, X/E indicating long photochemical time change, and T/E indicating evaporative emission form are all investigated, VOCs in agricultural areas are emitted by agricultural chemicals, and the discharged agricultural chemicals are first absorbed into the soil, and then released into the air by evaporation. Additionally, when comparing sunny days and rainy days, the reduction of VOCs was 35.35%, of which 31.24% was confirmed to be BTEXS, a major component of agricultural chemicals. These results indicate that SOC is greatly affected by agricultural chemicals among OCs that consist of PM2.5 in agricultural areas.




3.3. Characteristics of Water-Soluble Ions in PM2.5 at Orchard Areas


The 43.20% of rePM2.5 in the study area were identified as water-soluble ionic components, and the concentration for each compound was 0.73, 1.07, and 1.78 ug/m3 for NH4+, NO3− and SO42−, respectively. The ratio of NOx to SOx was examined to estimate the emission source of ionic aerosols affecting PM2.5 generation in the study area. In general, the higher the NO3−/SO42− mass ratio, the greater the effect of mobile pollutants. Previous studies reported the ratio of NOx and SOx originating during gasoline and diesel combustion to be 13:1 and 8:1, respectively [73]. Therefore, the mass ratio of NO3− and SO42− can represent the contribution of fixed and mobile pollutants affecting the generation of PM2.5. The NO3−/SO42− mass ratio measured in this study was 0.6, suggesting that the source of PM2.5 and water-soluble ions in the study area had a greater effect from the fixed source, than the effect from the mobile source. This is consistent with the estimated result of the WSOC emission source described above, and it can be suggested that the combustion of fossil fuels by vehicles has relatively little effect on PM2.5 in the study area.



To confirm the formation process of PM2.5 by water-soluble ions, the concentration of gaseous aerosols, the molar ratio of NH4+ and SO42−, and the molar ratio of NO3− and SO42− among the water-soluble ions of PM2.5 SUM were measured. NH3 in the atmosphere, which is a dominant factor in the SOA formation reaction, neutralizes sulfuric acid (H2SO4) with alkaline gas to generate ammonium sulfate ((NH4)2SO4) or ammonium bisulfate ((NH4)HSO4), and then the remaining NH3 in the air reacts with nitric acid (HNO3) to form ammonium nitrate (NH4NO3) [74,75]. Ammonium sulfate, ammonium bisulfate, and ammonium nitrate originated are all SOA, and their production is dominated by NH3 in the air. Based on this, the effect of NH3 in the atmosphere can be confirmed by using the molar ratio of NO3−, SO42−, and NH4+ contained in PM2.5. According to previous studies, if the molar ratio of NH4+/SO42− in PM2.5 is 1.5 or more, it can be defined as ammonia-rich, in which the NH3 concentration in the air is sufficient for SOA formation; and when this molar ratio is 1.5 or less, it is reported that the contribution of SO42− to the PM2.5 SOA is high [76,77]. That is, as the molar ratio of NO3−/SO42− increases, the contribution of NO3− to SOA increases. In this study, it was confirmed that the molar ratio of NH4+/SO42− was 2.23, and the molar ratio of NO3−/SO42− was 0.95. Therefore, it was determined that the study area was an ammonia-rich state, where the concentration of NH3 in the air was high enough to form SOA, and when NO3− and SO42− were compared, it could be confirmed that SOA had a greater effect on SO42− than on NO3−.



To examine the process of SOA formation in the study area in detail, the data were divided into sunny days and rainy days, to collect the measurement result. During the study period, the molar ratio of NO3−/SO42− was in the range (0.1–4.0), and the period when the molar ratio of NO3−/SO42− was 1.5 or more was mostly sunny days. Additionally, looking at the correlation of NH4+, NO3−, SO42− to rePM2.5, the coefficient of determination r2 was (0.9009, 0.6865 and 0.7746) on a sunny day, respectively, so rePM2.5 during sunny days showed the greatest impact from NH4+. On the other hand, the coefficient of determination r2 from rainy day was (0.1442, 0.4173 and 0.3737) for NH4+, NO3−, and SO42−, respectively, so rePM2.5 during rainy day showed the greatest impact from NO3−. The sum of water-soluble ions, such as NH4+, NO3− and SO42−, is (4.76 and 0.26) µg/m3 on sunny and rainy days, respectively, which is estimated to be the difference from the SOA formation rate on sunny and rainy days. The difference between sunny and rainy days is also observed in the concentration of gas-phase in the air. During the study period, the average of gaseous NH3 measured during sunny and rainy days was (20.22 and 7.73) ppb, respectively, which showed the average gaseous NH3 is higher on sunny than on rainy days. Summarizing the above results, the SOA formation in the study area is made by the photochemical reaction of SNA, and the NH3 concentration in the air, expressed in the ammonia-rich state, is greatly involved in the formation of SNA. NH3 in the air is estimated to have originated by agricultural activities, as suggested in the observation of greenhouses in the previous section of this report. Additionally, the concentration of NH3 observed over time in the greenhouse increases in response to temperature and light. Therefore, the NH3 concentration in the air did not increase on rainy days, and not much SOA formation by the photochemical reaction of SNA occurred. These results clearly confirm the molar ratios of NH4+, NO3− and SO42−, and the concentration and diurnal pattern of NH3 in the air, as presented in Figure 7. The figure shows that when the concentration of NH3 in the air increases, the molar ratio of NO3−/SO42− also increases, and it is confirmed that this reaction occurs when there is no rain.





4. Conclusions


Three combined investigations were conducted to examine the sources of PM2.5 in agricultural areas. The first was the measurement of PM2.5 and gaseous compounds in the greenhouse. The second was the analysis of agricultural chemical components used in agricultural areas. Finally, the chemical properties of PM2.5 were analyzed in the orchard area, and compared with the results of the greenhouse and the agricultural chemical components’ results. As a result, NH3 and NOx, which are precursor gases in the greenhouse, were found to be higher than the local concentration. The four agricultural chemical components analyzed in this study were mainly identified as BTEXS, which showed similar results to the results of previous studies that analyzed the soil in agricultural areas. As a result of analyzing the chemical properties of PM2.5 in the orchard area, it was confirmed that about 48% of rePM2.5 in the orchard area was OC, and 43% was water-soluble ions. Most of the OCs consisted of secondary products; and for the water-soluble ions, the formation of SOA by SNA was confirmed to be the main cause. Based on the characteristics of OC and water-soluble ions, the source of PM2.5 in agricultural areas was estimated to be the main cause of VOCs from agricultural chemicals, NH3 from fertilizers, and it was found that the photochemical reaction has a huge impact on the secondary products.
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Figure 1. (a) Sampling site at Jangsu-gun, Jeollanamdo. (b) Meteorological conditions during the sampling periods. 
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Figure 2. Picture of air monitoring trailer and schematic of the air monitoring instruments and samplers in the air monitoring trailer. 
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Figure 3. GC-MS chromatogram of the volatile organic compounds (VOCs) released by thermal desorption. 
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Figure 4. Concentrations of PM2.5, NH3, NO and NO2 measured in a green house. 
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Figure 5. Time-series concentrations of PM2.5, NH3, NO and NO2. 
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Figure 6. VOCs cross-plots for the ratio of toluene vs. benzene and m,p-xylene vs. ethylbenzene. 
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Figure 7. Ions cross-plots for the molar ratio of NH4+/SO42− vs. NO3−/SO42−. 
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Table 1. Concentration of volatile organic compounds in the agricultural chemicals used in orchards.






Table 1. Concentration of volatile organic compounds in the agricultural chemicals used in orchards.





	Compounds (Unit: mg/L)
	Pesticide
	Disinfectant
	Herbicide
	Evaporation Agent





	Acrylonitrile
	0.45
	0.58
	0.05
	260.36



	1,1-Dichloroethane
	0.03
	-
	0.01
	0.09



	Chloroform
	1.56
	1.44
	-
	-



	1,2-Dichloroethane
	<0.00
	<0.00
	<0.00
	<0.00



	1,1,1-Trichloroethane
	-
	<0.00
	-
	0.01



	Benzene
	-
	24.13
	20.86
	18.51



	Carbon tetrachloride
	-
	-
	0.16
	0.14



	Trichloroethylene
	-
	-
	0.04
	-



	Toluene
	8.01
	6.22
	1.88
	1.31



	Tetrachloroethylene
	-
	-
	-
	-



	Chlorobenzene
	0.38
	2.01
	0.42
	0.72



	Ethylbenzene
	0.19
	20.15
	1.59
	1.42



	m&p-Xylene
	2.79
	15.76
	2.00
	1.71



	Styrene
	-
	8.69
	2.51
	-



	o-Xylene
	0.19
	5.57
	0.62
	0.82



	Bromobenzene
	-
	-
	-
	0.2



	Isopropylbenzene
	-
	-
	-
	-



	2-Chlorotoluene
	0.06
	0.22
	0.03
	1.10



	n-Propylbenzene & 4-Chlorotoluene
	-
	0.89
	0.27
	-



	1,3,5-Trimethylbenzene
	-
	0.24
	0.19
	-



	p-Isopropylbenzene
	0.13
	-
	-
	0.94



	1,2,4-Trimethylbenzene
	-
	-
	-
	-



	1,2-DiChlorobenzene
	-
	-
	-
	2.24



	1,3-DiChlorobenzene
	<0.00
	<0.00
	<0.00
	<0.00



	sec-Butylbenzene
	-
	0.06
	0.03
	-



	tert-Butylbenzene
	-
	-
	-
	-



	1,4-DiChlorobenzene
	0.12
	<0.00
	-
	0.01



	n-Butylbenzene
	-
	0.46
	2.29
	1.23



	Naphthalene
	-
	-
	0.69
	418.64



	1,2,4-Trichlorobenzene
	-
	-
	-
	0.70



	Hexachloro-1,3-butadiene
	-
	-
	-
	0.48



	Total VOCs (sum)
	13.92
	86.43
	33.63
	710.71
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Table 2. Analysis result of PM2.5 chemical concentration in orchard area.
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PM (μg/m3)

	
Total

	
Rain

	
Non Rain






	
rePM2.5 (1)

	
8.2723

	
±

	
6.0531

	
2.5619

	
±

	
0.7222

	
10.3168

	
±

	
5.8066




	
OC

	
3.9634

	
±

	
1.9814

	
2.0100

	
±

	
0.4346

	
4.6628

	
±

	
1.8463




	
WSOC

	
3.7688

	
±

	
1.6488

	
2.0465

	
±

	
0.3266

	
4.3854

	
±

	
1.4871




	
WSOCnbb

	
3.5953

	
±

	
1.5271

	
2.0016

	
±

	
0.3199

	
4.1659

	
±

	
1.3767




	
EC

	
0.3202

	
±

	
0.1625

	
0.150

	
±

	
0.0703

	
0.3829

	
±

	
0.1385




	
eBC

	
0.3260

	
±

	
0.2181

	
0.0930

	
±

	
0.0890

	
0.3982

	
±

	
0.1944




	
NH4+

	
0.7293

	
±

	
1.1345

	
0.0027

	
±

	
0.0090

	
0.9895

	
±

	
1.2212




	
NO3−

	
1.0661

	
±

	
1.6935

	
0.1139

	
±

	
0.1513

	
1.4071

	
±

	
1.8563




	
SO42−

	
1.7783

	
±

	
1.7839

	
0.1466

	
±

	
0.1989

	
2.3625

	
±

	
1.7358




	
Metals

	
0.4149

	
±

	
0.2924

	
0.1437

	
±

	
0.0443

	
0.5120

	
±

	
0.2822




	
Levoglucosan

	
0.0136

	
±

	
0.0075

	
0.0075

	
±

	
0.0018

	
0.0158

	
±

	
0.0076




	
Gas (ppb)

	
Total

	
Rain

	
Non Rain




	
NH3

	
16.0542

	
±

	
9.4465

	
7.7276

	
±

	
3.0311

	
20.2175

	
±

	
8.7898




	
NO

	
1.0505

	
±

	
0.4948

	
0.9234

	
±

	
0.5462

	
1.1227

	
±

	
0.4473




	
NO2

	
2.2635

	
±

	
1.0315

	
2.0730

	
±

	
0.5638

	
2.3718

	
±

	
1.2066








(1) Total of the concentrations of OC, EC, water-soluble ions. and heavy metals.
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Table 3. Analysis result of VOCs concentration in the orchard area.
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VOCs (ppb)

	
Total

	
Rain

	
Non-Rain






	
Benzene

	
0.6526

	
±

	
0.32123

	
0.6199

	
±

	
0.1949

	
0.6644

	
±

	
0.3444




	
Toluene

	
5.6176

	
±

	
1.7919

	
4.2932

	
±

	
0.4786

	
6.0930

	
±

	
1.8508




	
Ethylbenzene

	
0.6827

	
±

	
1.2157

	
0.3658

	
±

	
0.0959

	
0.7976

	
±

	
1.4003




	
m&p-Xylene

	
1.1144

	
±

	
0.7360

	
0.6785

	
±

	
0.1364

	
1.2725

	
±

	
0.7984




	
o-Xylene

	
1.0198

	
±

	
1.7512

	
0.5381

	
±

	
0.1193

	
1.1945

	
±

	
2.0146




	
Acrylonitrile

	
0.1277

	
±

	
0.1383

	
0.0745

	
±

	
0.0593

	
0.1470

	
±

	
0.1529




	
1,1-Dichloroethane

	
0.0144

	
±

	
0.0481

	
0.0034

	
±

	
0.0043

	
0.0184

	
±

	
0.0556




	
Chloroform

	
0.1910

	
±

	
0.2195

	
0.1355

	
±

	
0.1268

	
0.2110

	
±

	
0.2415




	
1,2-Dichloroethane

	
0.1586

	
±

	
0.1463

	
0.1243

	
±

	
0.1846

	
0.1711

	
±

	
0.1273




	
1,1,1-Trichloroethane

	
0.0055

	
±

	
0.0036

	
0.0042

	
±

	
0.0022

	
0.0059

	
±

	
0.0038




	
Carbon tetrachloride

	
0.1704

	
±

	
0.0565

	
0.1731

	
±

	
0.0283

	
0.1694

	
±

	
0.0637




	
Trichloroethene

	
0.0168

	
±

	
0.0081

	
0.0144

	
±

	
0.0071

	
0.0177

	
±

	
0.0083




	
Tetrachloroethene

	
0.0033

	
±

	
0.0023

	
0.0018

	
±

	
0.0013

	
0.0039

	
±

	
0.0023




	
Chlorobenzene

	
0.0065

	
±

	
0.0070

	
0.0021

	
±

	
0.0006

	
0.0081

	
±

	
0.0076




	
Styrene

	
0.1989

	
±

	
0.2898

	
0.1646

	
±

	
0.2518

	
0.2113

	
±

	
0.3014




	
Bromobenzene

	
0.0161

	
±

	
0.0531

	
0.0087

	
±

	
0.0126

	
0.0187

	
±

	
0.0614




	
Isopropylbenzene

	
0.0045

	
±

	
0.0057

	
0.0026

	
±

	
0.0010

	
0.0052

	
±

	
0.0064




	
2-Chlorotoluene

	
0.0332

	
±

	
0.0972

	
0.0166

	
±

	
0.0035

	
0.0393

	
±

	
0.1129




	
n-Propylbenzene & 4-Chlorotoluene

	
0.0129

	
±

	
0.0373

	
0.0067

	
±

	
0.0012

	
0.0151

	
±

	
0.0433




	
1,3,5-Trimethylbenzene

	
0.0199

	
±

	
0.0767

	
0.0084

	
±

	
0.0037

	
0.0241

	
±

	
0.0892




	
p-Isopropylbenzene

	
0.0185

	
±

	
0.0527

	
0.0106

	
±

	
0.0026

	
0.0213

	
±

	
0.0612




	
1,2,4-Trimethylbenzene

	
0.0932

	
±

	
0.5391

	
0.0255

	
±

	
0.0073

	
0.1178

	
±

	
0.6274




	
1,2-DiChlorobenzene

	
0.0025

	
±

	
0.0018

	
0.0014

	
±

	
0.0007

	
0.0030

	
±

	
0.0019




	
1,3-DiChlorobenzene

	
0.0023

	
±

	
0.0017

	
0.0012

	
±

	
0.0004

	
0.0027

	
±

	
0.0018




	
sec-Butylbenzene

	
0.0012

	
±

	
0.0029

	
0.0007

	
±

	
0.0005

	
0.0013

	
±

	
0.0034




	
tert-Butylbenzene

	
0.0136

	
±

	
0.0177

	
0.0073

	
±

	
0.0033

	
0.0159

	
±

	
0.0201




	
1,4-DiChlorobenzene

	
0.0019

	
±

	
0.0023

	
0.0009

	
±

	
0.0007

	
0.0022

	
±

	
0.0026




	
n-Butylbenzene

	
0.0157

	
±

	
0.0435

	
0.0076

	
±

	
0.0041

	
0.0186

	
±

	
0.0504




	
Naphthalene

	
0.0184

	
±

	
0.0138

	
0.0096

	
±

	
0.0028

	
0.0215

	
±

	
0.0148




	
1,2,4-Trichlorobenzene

	
0.0001

	
±

	
0.0001

	
0.0001

	
±

	
0.0002

	
0.0001

	
±

	
0.0001




	
Hexachloro-1,3-butadiene

	
0.0009

	
±

	
0.0018

	
0.0001

	
±

	
0.0001

	
0.0012

	
±

	
0.0021




	
Total VOCs (sum)

	
10.2351

	
±

	
3.5027

	
7.3014

	
±

	
1.0409

	
11.2938

	
±

	
3.5566
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