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In order to reveal the pollution characteristics and risk level of polycyclic aromatic hydrocarbons (PAHs) exposed to air from open burning in China, PM2.5 samples were collected from the open burning of different types of municipal solid waste (MSW). The component of MSW differed from plastics, paper, wood and bamboo, and mixed garbage. A flue gas dilution sampling system was employed to simulate open burning testing on MSW samples from different functional urban areas. Emission characteristics and health risk assessments of PAHs in PM2.5 were analyzed. The results showed that the 16 PAHs were detected ranged from 16.0 to 10,386.9 ngm−3. The total PAH concentration of wood and bamboo wastes was the highest (24,512.1 ngm−3), while that in plastics was the lowest (4,084.7 ngm−3). Speciation composition of PAHs in PM2.5 with high-molecular-weight PAHs was dominant compared to low-molecular-weight PAHs. Health risk assessment showed that the proportion of samples with the lifelong lung carcinogenic risk value greater than 10–6 was 68.7% of the totals, most of the PAHs in PM2.5 had a certain risk of cancer. The speciation of Bap posed the greatest health risks to adults and children. The carcinogenic sequence of four components of wastes was as follows: wood and bamboo > mixed garbage > paper > plastics and the risk for adults was about 2.26 times higher than for children. Totally, the PAHs speciation of BaP, DBahA, BbF, IcdP, BaA, BkF, and Chr in PM2.5 from the open burning of MSW can bring high carcinogenic risk to human health by respiratory exposure, and the risk value of adults is higher than that of children. The findings show the different conclusion with the results of related researches on the environmental effect of waste incineration power plants or incinerators. Therein, it can provide supplementary data to evaluate the impact of open burning of MSW on ambient air quality.
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INTRODUCTION
With the rapid development of urbanization and industrialization, the production of municipal solid waste (MSW) in China has increased sharply. Open burning is an-other waste treatment method besides landfill and composting. It is a kind of incomplete combustion under the condition of insufficient air or heat, and the whole burning process without any purification facilities and subsequent treatment (Kakareka and Kukharchyk, 2003; Cheng et al., 2020). The complex composition of MSW, including food waste, paper, rubber plastics, e-waste, and medical waste, emits hazardous and toxic species during the open burning process (Park et al., 2013; Peng et al., 2016; Sharma et al., 2019). However, due to the simple and convenient operation and the low cost of clearing and transportation, open burning is quite popular in small and medium-sized cities and fails to be prohibited (Kumari et al., 2019).
Open burning is small-scale and widely distributed, whose burning sites in cities are usually located near densely populated areas, such as residential areas, commercial areas, and areas with heavy traffic (Zhang et al., 2011; Solorzano-Ochoa et al., 2012; Lundin et al., 2013). It is reported that the annual production of MSW in China has reached more than 300 million tons, of which 30 percent is treated by open burning (Wiedinmyer et al., 2014; Wang et al., 2017). And with the increase of MSW production, the frequency of open burning is also increasing. Therefore, the impact of pollutants from open burning on the environment and humans has received urgent attention of society.
Polycyclic aromatic hydrocarbons (PAHs) are the hazardous pollutants produced by the open burning of MSW, which can be emitted from the pyrolysis or incomplete combustion of waste plastics, wood, paper, and other carbon-containing fuels (Mugica-Alvarez et al., 2015; Abdel-Shafy and Mansour, 2016; Kalisa et al., 2018). Additionally, it is reported that the PAHs released from open burning contributes to 61.0% of the total anthropogenic PAHs’ emissions (Nagpure et al., 2015). PAHs are a group of semi-volatile hydrocarbons that widely exist and many PAHs are carcinogenic, teratogenic, and mutagenic (Haritash and Kaushik, 2009; Pongpiachan et al., 2015; Wang et al., 2015). PAHs can persist in the environment and accumulate in vascular plants, which can be harmful to human health for their position in the food chain (Zha et al., 2018). Exposure of PAHs can cause temporary hazards such as eye inflammation and respiratory tract irritation (Unwin et al., 2006; Shen et al., 2019), as well as long-term health effects such as lung cancer, liver damage, and cardiopulmonary death (Zhang et al., 2009). In addition, Particulate PAHs (PM-PAHs) is considered to be more harmful to human health because they are carcinogenic, teratogenic, and mutagenic, and they can be inhaled and deposited in the respiratory system (Barakat, 2003; Akhtar et al., 2014; Alessandria et al., 2014). The research found that children were more likely than adults to be exposed to air pollutants (Gautam et al., 2020).
Open burning and PAHs emission have attracted the attention of researchers of the world. Previous studies about waste burning mainly focused on the research of waste incinerator and waste incineration plant, while the research of open burning was lacked (Meng et al., 2018; Deng et al., 2020). Deng et al. (2020) sampled the air and soil collected near an urban solid waste incinerator in Shanghai, measured the concentration level of PCDD/Fs in the air and soil, and assessed the carcinogenic and non-carcinogenic risks. Meng et al. (2018) used AERMOD model to simulate the spatial distribution of pollutants released from waste incineration plants, and conducted risk assessment on respiratory exposure of pollutants such as Pb, Hg, Cd and dioxins. Compared with waste incinerator and waste incineration plant, open burning belongs to the state of open and low temperature incomplete combustion, the two have a big difference, so the study of waste incinerator and waste incineration plant can not reflect the real state of open burning. Secondly, studies on PAHs produced by open burning mostly focused on fly ash or bottom ash, and were limited to the distribution and content of pollutants. There is a lack of studies on PAHs in PM2.5 produced by open burning of MSW and few studies on health risks caused by open burning (Peng et al., 2016; Kumari et al., 2019). Chen et al. (2013) studied the production and distribution of PAHs during open burning and incineration of medical waste. The results show that the content of PAHs in the fly ash of the incinerator is much higher than that of the bottom ash. In addition, health risks of different types of MSW have not been comprehensively studied, so this study can provide a supplement for the shortcomings of previous studies.
The PAHs produced by open burning of MSW can cause serious harm to human body. It is necessary to analyze the emission characteristics of PAHs from MSW open burning in China, and the toxic equivalent quantity (TEQ) model and the incremental lifetime cancer risk (ILCR) model are utilized to assess the toxicity and health risks of PAHs. It can provide basic data and theoretical basis for disposal plan and PAHs emission control by open burning.
MATERIALS AND METHODS
Collection and Pretreatment of MSW Samples
In this study, we selected waste paper, used plastics, waste wood and bamboo, and mixed garbage as the samples. Random sampling was carried out in the trash bins in the residential areas, commercial areas, office areas, and road cleaning areas of the city, collected once every 7 days, 4 times in total. The samples collected were dried four times and mix them naturally, then the quarter method was used to reduce the four types of garbage into samples that weighed 1 kg and were stored in a sealed container for the next incineration operation.
Small-scale open burning simulation experiments were conducted outdoors on four types of garbage samples with 12 groups, and each group of experiments was conducted with three parallel tests. The flue gas dilution sampling system was used to collect samples: After the sample was ignited, the flue gas entered the dilution channel under the action of the blower and the exhaust fan, and was connected to the PM2.5 cutter (MiniVol TAS, AirMetrics, USA) at the end of the dilution channel. The flow rate of the dilution channel was 6 L/min. The portable particulate matter sampler sampling PM2.5 in the flue gas was equipped with a quartz fiber filter membrane (Tissue quartz™ Filter 7,203, PALL, USA) at a time. The filter membranes were placed in the muffle furnace before sampling and were heated at 800°C for 4 h to remove carbon components, then they were weighed for use after being cooled in the refrigerator for 24 h. After the burning process, the filter membrane in the particulate matter sampler was removed, placed in a membrane box, sealed, and stored in the refrigerator.
Analysis of PAHs
According to the national environmental protection industry standard (HJ646-2013), a PM2.5 sampling filter membrane containing PAHs was cut and placed into a Soxhlet extractor, and then 60 ml diethyl ether/n-hexane (V:V = 1:9) was added to it. The extract was refluxed at a rate of more than 4 times/h for 16 h, then was removed and added to anhydrous sodium sulfate. This mixture was allowed to stand for 30 min. Approximately 30 ml of the extract was concentrated to 1 ml through K-D and filtered through an organic filter into a sample bottle. Finally, the gas chromatography-mass spectrometer (GC-MS, 7890A-5975C, Agilent Technologies, USA) was used for detection. A total of 16 PAHs were determined in PM2.5 from the open burning of MSW: naphthalene, acenaphthylene, acenaphthene, fluorine, benzo [g, h, i] perylene, indeno [1, 2, 3-cd]pyrene, dibenz [a, h]anthracene, benzo [b]fluoranthene, phenanthrene, anthracene, fluoranthene, benz [a]anthracene, chrysene, pyrene, benzo [a]pyrene, and benzo [k]fluoranthene.
Quality Assurance and Quality Control
Before sampling with quartz fiber filter paper, the filter paper was placed in the oven for 12 h to remove moisture and impurities on the filter paper, and was weighed three times before sampling to ensure constant weight. After sampling, the filter membrane was wrapped with tin foil and stored in the refrigerator to avoid contamination of the sample. When testing samples, each sample is tested three times to reduce error. The details can be seen in our previous study (Cheng et al., 2020).
Human Health Assessment of PAHs
The Equivalent Toxicity Concentration
PAHs have attracted much attention due to their potential toxicity. Benzo [a]pyrene (BaP) was the most representative, and was used to evaluate the cancer risk of PAHs. In this study, we used the toxic equivalent quantity (TEQ) model to evaluate the potential risk of PAHs. The product of a single PAH concentration and its toxic equivalence factor (TEF) was called the equivalent toxicity concentration. In general, humans are exposed to a mixture of multiple PAHs at the same time. The total toxicity of the sample was expressed by the sum of the TEQs of the individual PAH compounds, and the formula was as follows (Sulong et al., 2019).
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where TEQs represents the total toxicity equivalency concentration of PAHs (μg·m−3); TEQ represents the toxicity equivalency concentration of individual PAH compounds (μg·m−3); Ci represents the concentration of PAH compound i (μg·m−3); and TEFi represents the corresponding individual equivalency factor for PAH compound i and can be seen in Table 1 (Nisbet and LaGoy, 1992).
TABLE 1 | TEF of 16 types of PAHs.
[image: Table 1]Incremental Lifetime Cancer Risk of PAHs
The ILCR model can estimate the degree of harm to human health caused by pollutants entering the human body in different ways. Respiratory inhalation, dermal absorption, and hand-to-mouth ingestion (oral ingestion) are the three pathways of human exposure (Bai et al., 2019; Roy et al., 2019). Inhalation is considered as the primary exposure path in previous studies (Chen et al., 2017; Gao et al., 2019; Zhang et al., 2020). Therefore, respiratory inhalation was deemed to be the exposure pathway of PAHs in PM2.5 from the open burning of MSW in this study. The differences between children and adults on the respiratory rate and the biochemical response to toxic substances were considered.
The lifetime average daily dose (LADD) of PAHs in the smoke inhaled by the residents in the sampling environment (open burning sites of MSW) was calculated based on the inhalation rate, average lifetime, exposure frequency, and other parameters. Based on the LADD of PAHs, the ILCR of humans during exposure was quantified to assess the risk of cancer from long-term exposure to open burning. Eq. 2 and Eq. 3 are used to calculate the parameter of LADD and ILCR.
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where C represents the toxic equivalent concentration of the individual PAHs (ngm−3); IR represents the inhalation rate (m3·d−1); EF is the frequency of annual exposure (dyear−1); ED represents the exposure duration (year); BW represents the body weight (kg); ALT is the averaging lifetime for carcinogens (day); and CSF represents the cancer slope factor (per mgkg−1·day−1).
RESULTS AND DISCUSSION
The Emission Feature of PAHs in PM2.5 From Open Burning of MSW
The average concentrations of PM2.5 generated by open burning of plastics, paper, wood and bamboo, and mixed wastes were 11.2 mgm−3, 19.2 mgm−3, 71.0 mgm−3 and 78.5 mgm−3, respectively. PM2.5 concentrations above 300 μg m−³ in the Chinese atmosphere were defined to be serious pollution, and the concentration of PAHs produced by open burning can reached at 37–261 times of it. A large amount of garbage burning in the open inevitably leads to the increase of PM2.5 concentration in the air, which further leads to the decrease of air visibility and increase of haze weather. The high concentration of fine particles also provided sufficient carriers for PAHs generated during the burning process, allowing more PAHs to be absorbed in PM2.5 and subsequently enter the ambient air.
The variation of PAH contamination in PM2.5 produced by the open burning of four kinds of MSW was shown in Figure 1. All 16 priority PAHs of the United States Environmental Protection Agency (US EPA) were detected in the waste samples during the open-burning. The concentration of 16 individual PAH compounds in plastics, paper, wood and bamboo, and mixed garbage was in the ranges of 16.0–812.6 ngm−3, 47.2–1,624.34 ngm−3, 20.3–10,386.9 ngm−3, and 16.2–8,146.8 ngm−3, respectively. The highest ΣPAHs mean concentration happened in wood and bamboo wastes with an average value of 1,532.0 ng m−3, and followed by mixed garbage (1,399.6 ngm−3), paper (582.8 ngm−3), and plastics (255.3 ngm−3). Phe from the open burning of wood and bamboo was the highest concentration of the individual PAH compounds, which was 42.4% of the total concentration of PAHs produced by wood and bamboo. The concentration of PAHs in wood and bamboo wastes fluctuated greatly, and Ace was the lowest PAHs in wood and bamboo wastes, which was only 20.3 ngm−3. The concentration trend of 16 PAHs produced by the open burning of paper wastes was as follows: Fla > Pyr > BaA > Chr > BbF > BaP > Phe > IcdP > BghiP > BkF > DahA > Ant > Nap = Acy > Flu > Ace. Fla was the highest concentration of PAHs produced by mixed garbage, which can reach 8,146.8 ngm−3. The concentrations of PAHs during the open burning of plastic wastes were significantly lower than those of the other three types of MSW. The variation trend of PAHs concentration in plastic garbage was basically similar with that in paper garbage, but the concentration of PAHs produced by plastic garbage was less than twice that of paper garbage. The reason for this was that plastic garbage contains high-density plastics such as beverage bottles, and it was difficult to achieve full combustion due to insufficient oxygen in the burning process, resulting in the presence of corresponding pollutants in the combustion bottom ash. Totally, the concentrations of PAHs produced by the four types of wastes varied greatly, while the variation trends were generally similar.
[image: Figure 1]FIGURE 1 | The distribution characteristics of in PM2.5 and PAHs concentrations from open burning of MSW.
Studies have shown that the average concentration of PAHs in atmospheric particulates in Chinese cities was 3.3–910.0 ngm−3, and the annual average concentration was 74.0 ngm−3. The concentration of PAHs produced by the open burning of urban household garbage far exceeded the concentration of PAHs in urban air. It was difficult to ignore the contribution of open burning of MSW to the atmospheric environment. It is well known that PAHs bound by fine particulate matter can only be removed by atmospheric dry and wet precipitation and rainfall after they enter the atmospheric environment. Therefore, it is necessary to control the occurrence of open burning at the source. Although open burning has been banned in China, many cities still have the phenomenon of “knowing the law and breaking the law”, which requires the state and local authorities to strengthen the control of it.
Speciation Composition of PAHs in PM2.5
According to the number of aromatic rings and molecular weight, the 16 PAHs could be classified into three types: low-molecular-weight PAHs (LMW-PAHs, 2,3-ring), median-molecular-weight PAHs (MMW-PAHs, four rings), and high-molecular-weight PAHs (HMW-PAHs, ≥5 rings). Figure 2 shows the distribution characteristics of PAHs according to their number of rings. For plastics, the order of PAHs with different rings based on their proportion was: four rings (55.3%) > 5 rings (24.3%) > 6 rings (11.6%) > 3 rings (8.3%) > 2 rings (0.52%). Paper was similar to plastics in terms of the number of rings with the four rings accounting for the largest proportion (51.4%) and five rings accounting for 27.9%, while the proportion of PAHs with other ring numbers was lower than that in plastics. The proportions of PAHs with rings in mixed garbage and plastics were slightly different. Among the mixed garbage, the 4-ring was dominant, and its proportion reached 70.1%. The proportion of PAHs with three rings was higher than that with six rings, and the proportion of PAHs with two rings was only 0.07%. For wood and bamboo, 3-ring PAHs accounted for the most (53.1%), followed by the 4-ring (39.7%), 5-ring (4.8%), 6-ring (2.3%), and 2-ring (0.12%) PAHs.
[image: Figure 2]FIGURE 2 | The ring PAHs at different components of waste during open burning.
The composition of different molecular weights in the four categories of MSW can be seen in Figure 3. The ratios of LMW, MMW, and HMW were respectively 1.0:6.2:4.1 for plastics, 1:5.2:3.9 for paper, 7.5:5.6:1.0 for wood and bamboo, and 1.0:7.3:2.1 for mixed garbage. MMW-PAHs were predominantly presented in plastics, papers, and mixed garbage, whereas wood and bamboo mainly contained LMW-PAHs. Generally, HMW-PAHs were dominant compared to LMW-PAHs during the open burning of MSW, which was similar to the phenomenon that the flue gas released from MSW incineration power plant were mainly MMW-PAHs and HMW-PAHs with low proportion of LMW-PAHs (Wang et al., 2006). The reason for this phenomenon was that PAHs with two to three aromatic rings were mainly in the gas phase, while PAHs with more than four rings were mainly adsorbed by solid particles. The open burning of MSW is a mode of incomplete combustion under the condition of insufficient air. Therefore, most of the polycyclic aromatic hydrocarbons produced by open burning are high polycyclic aromatic hydrocarbons. Compared with other components of MSW, the burning of wood and bamboo is more complete, which can cause the higher proportion of LMW-PAHs.
[image: Figure 3]FIGURE 3 | The ratio of LMW, HMW, MMW of PAHs in different waste components during open burning.
Health Risk Assessment of PAHs Emission From Open Burning of MSW
In previous studies, BaP was widely used as the carcinogenicity indicator to evaluate cancer risk, because it was regarded as Group 1 carcinogenic agent by the International Agency for Research on Cancer (IARC). On that basis, TEFs have been established by taking BaP as a toxic benchmark to calculate the TEQs of PAHs. The order of TEQs of the PAHs produced by the four types of MSW was: paper > mixed garbage > wood and bamboo > plastics. The TEQs of paper reached up to 1,266.8 ngm−3, and those of mixed garbage, wood and bamboo, and plastics were 924.3, 763.8, and 437.4 ngm−3, respectively.
The TEQ calculated from the TEF for the 16 types of PAHs in the PM2.5 from the open burning of four types of MSW can be seen in Figure 4. Among the four types of wastes, the average TEQ value of PAHs was 27.3 ngm−3 for plastics, 79.2 ngm−3 for paper, 47.7 ngm−3 for wood and bamboo, and 57.8 ngm−3 for mixed garbage. For plastics, the TEQ trend of the 16 PAHs was as follows: BaP > DBahA > BbFA > Chr > BaA > BkF > Phe > IcdP > Fla > Pyr > BghiP > Acy > Ant > Nap > Ace = Flu. Among them, BaP as the main contributor, its equivalent toxicity reached 218.1 ngm−3, and the contribution rate reached 49.9%. The TEQ trend of PAHs from the burning of paper was the same as that of plastics, but the value was about 3 times that of plastics. From 0.02 to 351.2 ng m−3 was the range of TEQ of wood and bamboo. It was worth noting that 4-ring and 5-ring PAHs were the main contributors to the toxicity of wood and bamboo, and their contribution rates were 25.0% and 60.7%, respectively. Chr and BbF in mixed wastes were much higher than the other three components, and the sum of the two accounted for 48.5% of the TEQs. The component of MSW had an obvious impact on the toxicity of PAHs generated by the open burning of MSW. The TEQ of the three PAHs (Bap, BbF, Chr) accounted for a relatively high percentage of total TEQs in the four samples, which were 47.2%, 14.3%, and 13.8%, respectively.
[image: Figure 4]FIGURE 4 | The distribution characteristics of TEQ of PAHs.
Assessment of Lifelong Lung Carcinogenic Risk (ILCR)
The health risks of PAHs in PM2.5 from open burning to adults and children were shown in Figure 5. In general, the less than or equal to 10–6 ILCR value indicated that there was no cancer risk or it could be negligible. And the ILCR between 10–6 and 10–4 means a certain potential carcinogenic risk in humans, but the value was still in the acceptable range for humans. If the ILCR was larger than 10–4, it indicated a serious threat to human health. The carcinogenic risks of ∑16PAHs from the open burning of plastics, paper, wood and bamboo, and mixed wastes for adults by inhalation exposure were 1.3 × 10–3, 3.7 × 10–3, 2.3 × 10–3 and 2.7 × 10–3, respectively, all of which were 2.3 times higher than those for Children (5.7 × 10–4, 1.7 × 10–3, 1.0 × 10–3, 1.2 × 10–3). In this study, the ILCR values of PAHs were between 10–8 and 10–3. The proportion of samples with the ILCR value greater than 10–6 was 68.7% of the total, while the parts with the ILCR value greater than 10–4 accounted for 25.8%. The result showed most PAHs in PM2.5 generated by the open burning of MSW had a definite carcinogenic risk. Moreover, adults were more likely to develop cancer through respiratory exposure than children.
[image: Figure 5]FIGURE 5 | Health risks of individual PAHs: (A) Children; (B) Adult.
The ILCR values of 16 PAHs from the open burning of paper wastes for the respiratory exposure of children varied from 2.1 × 10−8–9.8 × 10–4, with Bap has the highest risk. The rank order of ILCR values of 16 individual PAHs from plastic burning was Bap > DahA > BbF > Chr > BaA > BkF > Phe > IcdP > Fla > Pyr > BghiP > Acy > Ant > Nap > Flu > Ace. BaP, DahA, BbF, Chr, and BaA from plastics had obvious carcinogenic risks to adults, and only Bap had obvious carcinogenic risks to children. BaP, DahA, BbF, Chr, and BaA were also PAHs with obvious carcinogenic risks produced by paper. Different from plastics, their risks to adults and children were greater than 10–4. The ILCR value of BaP in wood and bamboo for adults was as high as 1.0 × 10–3, which was higher than 10–4 and obviously unsafe for humans. In addition, Phe was also a kind of PAH produced by wood and bamboo with obvious carcinogenic risk. Bap > BbF > Chr > BaA > BkF > DahA > Phe > IcdP > Fla > Pyr > BghiP > Ant > Acy > Flu > Ace > Nap was the sort of PAHs produced by mixed wastes according to ILCR value. The health risk values of the first 11 PAHs have exceeded the human health threshold (10–6). Overall, the five types of PAHs (Bap, BbF, Chr, BaA, BkF) from the open burning of plastics, paper, wood and bamboo, or mixed MSW had certain cancer risks in humans. Comparatively, current researches mainly focused on the emission and environmental effect of waste incineration power plants or incinerators, and the research results showed that the carcinogenic and non-carcinogenic risks of environmental exposure to pollutants were at an acceptable level for the surrounding residents (Meng et al., 2018; Deng et al., 2020). However, the findings of our study show an opposite conclusion, which can provide data and scientific basis for clarifying the impact of open burning of MSW on ambient air quality and evaluating its potential health risks. This study only considered the health risks of exposure pathway of direct respiratory intake, while the routes of skin contact and oral intake were not included tentatively. By integrating the comprehensive exposure pathways, the risk assessment results will be more accurate.
CONCLUSION
In summary, our study illustrated emission characteristics and corresponding health risk assessment of PAHs in PM2.5 from the open burning of MSW in China. We observed an obvious variation of the content of PAHs in PM2.5 from the open burning of different types of MSW. The total concentration of 16 PAHs produced by the open burning of mixed wastes was higher than that of wood and bamboo, followed by paper and plastics. The ring number distribution of PAHs also varied with different garbage components. According to the health risk model, partial PAHs generated from the open burning of MSW were carcinogenic to the surrounding residents with respiratory exposure. And the carcinogenic risk of PAHs through respiratory exposure for the adult group was higher than those for the children group. The prevention and control actions are highlighted to be conducted to reduce and even eliminate the open burning of MSW. Furthermore, more investigations focusing on the pollutants in the diverse environmental medium like soil and water around the places with frequent open burning of MSW are called for in the future, so as to help manage the public health risks in response to regional air pollution.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
KC: Data curation, Writing-Original draft preparation. JL: Conceptualization, Methodology. YW: Data curation, Investigation. WJ: Software, Validation. YC: Writing-Reviewing and Editing.
FUNDING
This work is supported by the National Natural Science Foundation of China (No. 21507024 and No. 21407122), the General Financial Grant from the China Postdoctoral Science Foundation (No. 2015M580631), the General Financial Grant from Henan Postdoctoral Research Sponsorship (No. 2015074 and No. 2015077), the Key Project of Science and Technology of Henan Province (No. 182102210381 and 182102311051), and Henan Science and Technology Think Tanks Research Project (HNKJZK-2020-33C).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors wish to thank the editors and the reviewers for their valuable comments and suggestions on our paper.
REFERENCES
 Abdel-Shafy, H. I., and Mansour, M. S. M. (2016). A Review on Polycyclic Aromatic Hydrocarbons: Source, Environmental Impact, Effect on Human Health and Remediation. Egypt. J. Pet. 25, 107–123. doi:10.1016/j.ejpe.2015.03.011
 Akhtar, U. S., Rastogi, N., McWhinney, R. D., Urch, B., Chow, C.-W., Evans, G. J., et al. (2014). The Combined Effects of Physicochemical Properties of Size-Fractionated Ambient Particulate Matter on In Vitro Toxicity in Human A549 Lung Epithelial Cells. Toxicol. Rep. 1, 145–156. doi:10.1016/j.toxrep.2014.05.002
 Alessandria, L., Schilirò, T., Degan, R., Traversi, D., and Gilli, G. (2014). Cytotoxic Response in Human Lung Epithelial Cells and Ion Characteristics of Urban-Air Particles from Torino, a Northern Italian City. Environ. Sci. Pollut. Res. 21, 5554–5564. doi:10.1007/s11356-013-2468-1
 Bai, L., He, Z., Ni, S., Chen, W., Li, N., and Sun, S. (2019). Investigation of PM2.5 Absorbed with Heavy Metal Elements, Source Apportionment and Their Health Impacts in Residential Houses in the North-east Region of China. Sustain. Cities Soc. 51, 101690. doi:10.1016/j.scs.2019.101690
 Barakat, A. O. (2003). Persistent Organic Pollutants in Smoke Particles Emitted during Open Burning of Municipal Solid Wastes. Bull. Environ. Contam. Toxicol. 70, 174–181. doi:10.1007/s00128-002-0172-9
 Chen, Y., Zhao, R., Xue, J., and Li, J. (2013). Generation and Distribution of PAHs in the Process of Medical Waste Incineration. Waste Manage. 33, 1165–1173. doi:10.1016/j.wasman.2013.01.011
 Chen, Y., Li, X., Zhu, T., Han, Y., and Lv, D. (2017). PM2.5-bound PAHs in Three Indoor and One Outdoor Air in Beijing: Concentration, Source and Health Risk Assessment. Sci. Total Environ. 586, 255–264. doi:10.1016/j.scitotenv.2017.01.214
 Cheng, K., Hao, W., Wang, Y., Yi, P., Zhang, J., and Ji, W. (2020). Understanding the Emission Pattern and Source Contribution of Hazardous Air Pollutants from Open Burning of Municipal Solid Waste in China. Environ. Pollut. 263, 114417. doi:10.1016/j.envpol.2020.114417
 Deng, Y. Y., Peng, P. A., Jia, L. J., Mao, W. L., Hu, J. F., and Yin, H. W. (2020). Environmental Exposure-Associated Human Health Risk of Dioxin Compounds in the Vicinity of a Municipal Solid Waste Incinerator in Shanghai, China. Bull. Environ. Contam. Toxicol. 105, 173–179. doi:10.1007/s00128-020-02903-z
 Gao, P., Hu, J., Song, J., Chen, X., Ou, C., Wang, H., et al. (2019). Inhalation Bioaccessibility of Polycyclic Aromatic Hydrocarbons in Heavy PM2.5 Pollution Days: Implications for Public Health Risk Assessment in Northern China. Environ. Pollut. 255, 113296. doi:10.1016/j.envpol.2019.113296
 Gautam, S., Talatiya, A., Patel, M., Chabhadiya, K., and Pathak, P. (2020). Personal Exposure to Air Pollutants from Winter Season Bonfires in Rural Areas of Gujarat, India. Expo. Health 12, 89–97. doi:10.1007/s12403-018-0287-9
 Haritash, A. K., and Kaushik, C. P. (2009). Biodegradation Aspects of Polycyclic Aromatic Hydrocarbons (PAHs): a Review. J. Hazard. Mater. 169, 1–15. doi:10.1016/j.jhazmat.2009.03.137
 Kalisa, E., Nagato, E. G., Bizuru, E., Lee, K. C., Tang, N., Pointing, S. B., et al. (2018). Characterization and Risk Assessment of Atmospheric PM2.5 and PM10 Particulate-Bound PAHs and NPAHs in Rwanda, Central-East Africa. Environ. Sci. Technol. 52, 12179–12187. doi:10.1021/acs.est.8b03219
 Kakareka, S. V., and Kukharchyk, T. I. (2003). PAH Emissions from the Open Burning of Agricultural Debris. Sci. Total Environ. 308, 257–261. doi:10.1016/s0048-9697(02)00650-2
 Kumari, K., Kumar, S., Rajagopal, V., Khare, A., and Kumar, R. (2019). Emission from Open Burning of Municipal Solid Waste in India. Environ. Technol. 40, 2201–2214. doi:10.1080/09593330.2017.1351489
 Lundin, L., Gullett, B., Carroll, W. F., Touati, A., Marklund, S., and Fiedler, H. (2013). The Effect of Developing Nations' Municipal Waste Composition on PCDD/PCDF Emissions from Open Burning. Atmos. Environ. 79, 433–441. doi:10.1016/j.atmosenv.2013.06.040
 Meng, J. H., Liu, H., Shi, X. F., and Xiang, Y. (2018). Assessment of Inhalation Exposure Health Risk for Residents in Waste Incinertion Facilities. Environ. Eng. 36, 128–133. doi:10.13205/j.hjgc.201801026
 Mugica-Alvarez, V., Santiago-De la Rosa, N., Figueroa-Lara, J., Flores-Rodríguez, J., Torres-Rodríguez, M., and Magaña-Reyes, M. (2015). Emissions of PAHs Derived from Sugarcane Burning and Processing in Chiapas and Morelos México. Sci. Total Environ. 527-528, 474–482. doi:10.1016/j.scitotenv.2015.04.089
 Nagpure, A. S., Ramaswami, A., and Russell, A. (2015). Characterizing the Spatial and Temporal Patterns of Open Burning of Municipal Solid Waste (MSW) in Indian Cities. Environ. Sci. Technol. 49, 12904–12912. doi:10.1021/acs.est.5b03243
 Nisbet, I. C. T., and LaGoy, P. K. (1992). Toxic Equivalency Factors (TEFs) for Polycyclic Aromatic Hydrocarbons (PAHs). Regul. Toxicol. Pharmacol. 16, 290–300. doi:10.1016/0273-2300(92)90009-x
 Park, Y. K., Kim, W., and Jo, Y. M. (2013). Release of Harmful Air Pollutants from Open Burning of Domestic Municipal Solid Wastes in a Metropolitan Area of Korea. Aerosol Air Qual. Res. 13, 1375–1372. doi:10.4209/aaqr.2012.10.0272
 Peng, N., Li, Y., Liu, Z., Liu, T., and Gai, C. (2016). Emission, Distribution and Toxicity of Polycyclic Aromatic Hydrocarbons (PAHs) during Municipal Solid Waste (MSW) and Coal Co-combustion. Sci. Total Environ. 565, 1201–1207. doi:10.1016/j.scitotenv.2016.05.188
 Pongpiachan, S., Tipmanee, D., Khumsup, C., Kittikoon, I., and Hirunyatrakul, P. (2015). Assessing Risks to Adults and Preschool Children Posed by PM2.5-bound Polycyclic Aromatic Hydrocarbons (PAHs) during a Biomass Burning Episode in Northern Thailand. Sci. Total Environ. 508, 435–444. doi:10.1016/j.scitotenv.2014.12.019
 Roy, D., Singh, G., and Seo, Y.-C. (2019). Carcinogenic and Non-carcinogenic Risks from PM10-And PM2.5-Bound Metals in a Critically Polluted Coal Mining Area. Atmos. Pollut. Res. 10, 1964–1975. doi:10.1016/j.apr.2019.09.002
 Sharma, G., Sinha, B., Pallavi, Hakkim, H., Chandra, B. P., Kumar, A., et al. (2019). Gridded Emissions of CO, NOx, SO2, CO2, NH3, HCl, CH4, PM2.5, PM10, BC, and NMVOC from Open Municipal Waste Burning in India. Environ. Sci. Technol. 53, 4765–4774. doi:10.1021/acs.est.8b07076
 Shen, R., Liu, Z., Chen, X., Wang, Y., Wang, L., Liu, Y., et al. (2019). Atmospheric Levels, Variations, Sources and Health Risk of PM2.5-bound Polycyclic Aromatic Hydrocarbons during winter over the North China Plain. Sci. Total Environ. 655, 581–590. doi:10.1016/j.scitotenv.2018.11.220
 Solorzano-Ochoa, G., de la Rosa, D. A., Maiz-Larralde, P., Gullett, B. K., Tabor, D. G., Touati, A., et al. (2012). Open Burning of Household Waste: Effect of Experimental Condition on Combustion Quality and Emission of PCDD, PCDF and PCB. Chemosphere 87, 1003–1008. doi:10.1016/j.chemosphere.2011.11.038
 Sulong, N. A., Latif, M. T., Sahani, M., Khan, M. F., Fadzil, M. F., Tahir, N. M., et al. (2019). Distribution, Sources and Potential Health Risks of Polycyclic Aromatic Hydrocarbons (PAHs) in PM2.5 Collected during Different Monsoon Seasons and Haze Episode in Kuala Lumpur. Chemosphere 219, 1–14. doi:10.1016/j.chemosphere.2018.11.195
 Unwin, J., Cocker, J., Scobbie, E., and Chambers, H. (2006). An Assessment of Occupational Exposure to Polycyclic Aromatic Hydrocarbons in the UK. Ann. Occup. Hyg. 50, 395–403. doi:10.1093/annhyg/mel010
 Wang, X. G., Li, H. B., Wang, X. B., and Xiang, Y. H. (2006). PAHs in PM10 Emitted from Different Waste Incinerators. J. Fuel Chem. Technol. 34, 721–725. doi:10.3969/j.issn.0253-2409.2006.06.016
 Wang, R., Liu, G., and Zhang, J. (2015). Variations of Emission Characterization of PAHs Emitted from Different Utility Boilers of Coal-Fired Power Plants and Risk Assessment Related to Atmospheric PAHs. Sci. Total Environ. 538, 180–190. doi:10.1016/j.scitotenv.2015.08.043
 Wang, Y., Cheng, K., Wu, W., Tian, H., Yi, P., Zhi, G., et al. (2017). Atmospheric Emissions of Typical Toxic Heavy Metals from Open Burning of Municipal Solid Waste in China. Atmos. Environ. 152, 6–15. doi:10.1016/j.atmosenv.2016.12.017
 Wiedinmyer, C., Yokelson, R. J., and Gullett, B. K. (2014). Global Emissions of Trace Gases, Particulate Matter, and Hazardous Air Pollutants from Open Burning of Domestic Waste. Environ. Sci. Technol. 48, 9523–9530. doi:10.1021/es502250z
 Zha, Y., Zhang, Y. L., Tang, J., and Sun, K. (2018). Status, Sources, and Human Health Risk Assessment of PAHs via Foliar Dust from Different Functional Areas in Nanjing, China. J. Environ. Sci. Health A 53, 571–582. doi:10.1080/10934529.2018.1428267
 Zhang, Y., Tao, S., Shen, H., and Ma, J. (2009). Inhalation Exposure to Ambient Polycyclic Aromatic Hydrocarbons and Lung Cancer Risk of Chinese Population. Proc. Natl. Acad. Sci. U.S.A. 106, 21063–21067. doi:10.1073/pnas.0905756106
 Zhang, T., Fiedler, H., Yu, G., Ochoa, G. S., Carroll, W. F., Gullett, B. K., et al. (2011). Emissions of Unintentional Persistent Organic Pollutants from Open Burning of Municipal Solid Waste from Developing Countries. Chemosphere 84, 994–1001. doi:10.1016/j.chemosphere.2011.04.070
 Zhang, L., Xu, H., Fang, B., Wang, H., Yang, Z., Yang, W., et al. (2020). Source Identification and Health Risk Assessment of Polycyclic Aromatic Hydrocarbon‐Enriched PM 2.5 in Tangshan, China. Environ. Toxicol. Chem. 39, 458–467. doi:10.1002/etc.4618
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Cheng, Li, Wang, Ji and Cao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fenvs-10-861770-g005.gif
|

R R

A O S P Pt O





OPS/images/fenvs-10-861770-t001.jpg
PAHs

Naphthalene
acenaphthylene
acenaphthene
fluorene

benzo [g,h,lperylene
indeno [1,2,3-cdjpyrene
dibenz [a,hlanthracene
benzo [b]fiuoranthene
phenanthrene
anthracene
fluoranthene

benz [ajanthracene
chrysene

pyrene

benzo [alpyrene
benzo [Klfluoranthene

Abbreviation

Nap
Acy
Ace
Flu
BghiP
lodP
DahA
BoF
Phe
Ant
Fla
BaA
chr
Pyr
BaP
BKF

Rings

VORBRERRRONOO®®ON

TEF

0.001
0.001
0.001
0.001
0.001
001

0.1
0.01
0.001
0.001
0.1
0.1
0.001

0.1





OPS/images/fenvs-10-861770-g003.gif





OPS/images/fenvs-10-861770-g004.gif
TEQ (g )






OPS/images/math_3.gif





OPS/images/math_1.gif





OPS/images/math_2.gif
LADD

x IR x ED x EF/[BW x ALT

(2)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Characterization and Risk Assessment of Airborne Polycyclic Aromatic Hydrocarbons From Open Burning of Municipal Solid Waste		Introduction

		Materials and Methods		Collection and Pretreatment of MSW Samples

		Analysis of PAHs

		Quality Assurance and Quality Control

		Human Health Assessment of PAHs





		Results and Discussion		The Emission Feature of PAHs in PM2.5 From Open Burning of MSW

		Speciation Composition of PAHs in PM2.5

		Health Risk Assessment of PAHs Emission From Open Burning of MSW

		Assessment of Lifelong Lung Carcinogenic Risk (ILCR)





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Environmental Science






OPS/images/fenvs-10-861770-g001.gif





OPS/images/fenvs-10-861770-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Environmental Science





