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Introduction

According to the Clean Air Policy Support System 

(CAPSS), which is based on the Korean air pollutants emis-

sions inventory, agriculture has the largest correction range 

among industries in which the emissions inventory is being 

aggregated. Continuous efforts are needed to prevent illegal 

open-air incineration, which is a representative source of 

air pollutants with respect to agricultural activities. 

Agricultural wastes subject to open-air incineration are ag-
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ABSTRACT

Background and objective: Illegal open-air incineration, which is criticized as a leading source of air pollutants among 

agricultural activities, currently requires constant effort and attention. Countries around the world have been undertaking

studies on the emission of heavy metal substances in fine dust discharged during the incineration process. A precise 

analytical method is required to examine the harmful effects of particulate pollutants on the human body.

Methods: In order to simulate open-air incineration, the infrastructure needed for incineration tests complying with the 

United States Environmental Protection Agency (EPA) Method 5G was built, and a large-area analysis was conducted on

particulate pollutants through automated scanning electron microscopy (SEM)-energy-dispersive X-ray spectroscopy 

(EDS). For the test specimen, high-density polyethylene (HDPE) waste collected by the DangJin Office located in 

Choongcheongnam-do was used. To increase the identifiability of the analyzed particles, the incineration experiment was 

conducted in an incinerator three times after dividing the film waste into 200 g specimens. 

Results: Among the metal particulate matters detected in the HDPE waste incineration test, transition metals included C

(20.8-37.1 wt%) and O (33.7-37.9 wt%). As for other chemical matters, the analysis showed that metal particulate matters

such as metalloids, alkali metals, alkaline earth metals, and transition metals reacted to C and C-O. Si, a representative 

metalloid, was detected at 14.8-20.8 wt%, showing the highest weight ratio except for C and O. 

Conclusion: In this study, the detection of metal chemicals in incinerated particulate matters was effectively confirmed 

through SEM-EDS. The results of this study verified that HDPE waste adsorbs metal chemicals originating from soil due

to its own properties and deterioration, and that when incinerated, it emits particulate matters containing transition metals

and other metals that contribute to the excessive production and reduction of reactive oxygen species.

Keywords: particulate matter (PM), mulching LDPE, agricultural waste burning, incineration test, back scattered electron
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gregated by the Korea Environment Corporation (KECO) 

under the Ministry of Environment and reported as national 

approval statistics (approval number: 392005); the stat-

istical results are announced on an annual basis as environ-

mental statistics information in the Korea Resource 

Circulation Information System, and are further reported 

in the Agricultural Waste Survey publication in December 

of the year following the base year of the survey. The 

KECO has statistically counted any agricultural wastes that 

are collected by classifying them into the “amount of plas-

tic waste generated from greenhouses,” “amount of plastic 

waste from soil mulching,” “amount of agricultural pesti-

cide container waste” and “amount of collected/recycled 

agricultural plastic and pesticide container waste.” With the 

exception of other categories of waste with relatively low 

emissions, it is possible to classify waste plastic from farm-

ing by type – i.e., low-density polyethylene (LDPE) for 

greenhouses, LDPE for soil mulching, and high-density 

polyethylene (HDPE). 

The thermal decomposition of waste for the purposes 

of energy recovery is an effective method for reducing the 

volume and amount of plastic waste in landfills, but it caus-

es air pollution by emitting harmful gaseous and particulate 

pollutants (Wang et al., 2003). The health effects of these 

emissions may be related to polycyclic aromatic hydro-

carbons (PAHs), some of which have been identified to 

be potentially toxic, carcinogenic, or mutagenic (Amdur 

et al., 1993). PAHs are also analyzed as soot-forming pre-

cursors (Richter et al., 2006). Polyethylene (PE), a repre-

sentative gummy plastic material, is the most widely used 

plastic, with an output of about 80 million tons worldwide 

(Merrington, 2017). Rice and Rice (1935) proposed a 

mechanism for the formation of free radicals through hy-

drogen extraction involved in the pyrolysis of PE. Simha 

et al. (1958) further explained the pyrolysis process of pol-

ymers through a general conceptual diagram. This mecha-

nism includes several steps such as initiation, propagation 

or free-radical transfer, and termination. Interlocked with 

this mechanism, the primary pyrolysis of PE forms chains 

of various sizes with a very small number of monomer 

units (Williams and Williams, 1999). PE is mainly pro-

vided as LDPE and HDPE, depending on the polymer-

ization method, of which physical properties such as den-

sity, processability, flexibility, and strength vary (Andrady, 

2011). With respect to the liquefaction properties (i.e., the 

amount of liquid generated) of LDPE, LLDPE, and HDPE, 

which are associated with the heating temperatures during 

pyrolysis, diesel was found to be the highest at 450°C, 

followed by wax, kerosene, and gasoline (Yu et al., 2003). 

By examining the characteristics of the products recovered 

from HDPE pyrolysis, it was confirmed that the aliphatic 

of HDPE is easily decomposed into low-molecular gases 

(Lee et al., 2008).

Microplastics (MP), such as PE, can more effectively 

absorb metal ions through the degradation process when 

compared to unused plastics (e.g., virgin plastic pellets; 

Holmes et al., 2014). Based on an industrial analysis of 

plastics including polypropylene (PP), HDPE, and poly-

styrene (PS), the content of volatile matter was found to 

be 99.8% or more, but for plastic film waste, the content 

of volatile matter, fixed carbon, and ash was 80.8%, 11.6%, 

and 6.3%, respectively, which showed a relatively lower 

amount of volatile matter, and a higher amount of fixed 

carbon and ash when compared to the plastics. The reason 

why plastic film waste has relatively higher amounts of 

fixed carbon and oxygen than the plastics used as a control 

is that it includes plastic films manufactured using poly-

mers containing oxygen as raw materials (PET or bio-

plastics), as well as those made of thermoplastic resins (PP, 

HDPE, and PS; Kim et al., 2017). PE also contributes to 

significant changes in CO emissions when incinerated to-

gether with agricultural byproducts. Hosseini et al. (2014) 

reported that when a mixed specimen of manzanita 

(Arctostaphylos sp.), which is native to North America, 

and LDPE was incinerated, the CO emission factor was 

different depending on the LDPE content, but also that the 

PE had an effect on the increase in combustion efficiency, 

so further statistical review would be needed.

Countries around the world have been conducting re-

search on the components of emissions from various in-

cineration processes, and it has been reported that the 

smaller the particle size, the greater the concentration of 

heavy metals (Wadge and Hutton, 1987; Wei et al., 2021). 

A precision analysis method is required to examine partic-

ulate pollutants that are harmful to the human body. Energy 

dispersive X-ray spectroscopy (EDS) is a non-destructive 
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method that does not require extraction or decomposition 

processes, enabling us to analyze particulate matter in ele-

mental units.

In this study, we established an incineration experiment 

infrastructure where the United States Environmental 

Protection Agency (US EPA) Method 5G was applied for 

open-air incineration simulation. We also conducted a time 

series analysis of gaseous pollutants such as CO, and an 

analysis of particulate pollutants in elemental units, all of 

which were emitted from the open-air incineration of agri-

cultural HDPE waste. The purpose of this study was to 

determine the effect of emissions from the open-air in-

cineration of agricultural plastic wastes on carbon neutral-

ity and to provide basic data on the emission characteristics 

of metal particulate matter (PM).

Research Methods

Open-Air Incineration of Agricultural Plastic 

Waste

For the open-air incineration of agricultural plastic 

waste, the emission of particulate and gaseous pollutants 

is estimated by applying the agricultural population 

(households), the amount of waste incinerated per capita, 

the open-air incineration rate, and the emission factor; im-

provement in the activity data based on the relevant stat-

istical data is required. First of all, the amount of waste 

incinerated per person and the open-air incineration rate 

of agricultural plastic waste are broken down into 

Greenhouse HDPE, Mulching LDPE, and HDPE based on 

findings from the Statistical Survey on Agricultural Waste 

2019 (Korea Environment Corporation, 2020), which are 

KECO's standard agricultural waste statistics (Table 1). For 

statistical data that can be used to determine activity levels, 

the current status of agricultural byproduct and waste in-

cineration in rural areas can be obtained from A Survey 

on the Incineration of Agricultural By-products and Wastes 

in Rural Areas (Ministry of Agriculture Food and Rural 

Affairs, 2020), in which the classification system of 

MAFRA, the competent authority, is used. For agricultural 

populations, nationally approved statistical data from 

KOSIS (2019) can be used; for the status of agricultural 

waste incineration, the survey described above can apply. 

Of the 536 farmers who responded to the survey, 3 have 

burned greenhouse plastic film and 76 have burned various 

types of plastic waste.

Sample Design

Agricultural waste is a byproduct generated when mate-

rials used to grow crops are disposed, and this can refer 

to various plastics including pesticide bags, fertilizer bags, 

shading screens, non-woven fabrics, fruit bags, and green-

house plastic film, as well as supports and pedestals. Along 

with the use of various agricultural materials, agricultural 

activities generate a large amount of plastic byproducts, 

which can be defined as agricultural plastic waste. 

According to KECO (2020), a total of 310,153 tons of agri-

cultural plastic waste was generated in 2019. In terms of 

the type of plastic, the use of LDPE for soil mulching was 

the highest at 129,253 tons, followed by HDPE (106,298 

tons), LDPE for greenhouses (59,133 tons), and others 

(15,468 tons). In this study, among the wastes listed here, 

HDPE was selected as a specimen for the incineration 

experiment. The specimens, which were 20 kg, were pro-

vided by the DangJin Office of the KECO.

Total waste generation 

(ton)

Total waste collection 

(ton)

Amount of plastic not collected 

(ton)

Uncollected rate

(%)

Greenhouse LDPE 68,758 5,420 63,338 92.1

Mulching LDPE 127,431 96,564 30,867 24.2

HDPE 112,909 96,847 16,062 14.2

Etc. (PVC, EVA, PO) 9,677 1,588 8,089 83.6

Sum 318,775 200,419 118,356 37.1

Table 1. Amount of agricultural plastic waste generated and collected in 2018 (Korea Environment Corporation, 2019)
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Experimental Setup Design

For the real-time monitoring of gaseous pollutants emit-

ted during the incineration of agricultural HDPE waste, an 

experimental infrastructure based on the EPA Method 5G 

was established (Fig. 1). It has a structure in which partic-

ulate and gaseous pollutants emitted from HDPE that burn 

in the incinerator are forcibly exhausted towards a blower, 

which is equipped at the end of the passage. In addition 

to the time-series measurement of CO generated from the 

combustion of HDPE, PM including soot, tar, and unburned 

oligomers were captured by installing a filter (HG00047A, 

∅47 mm) in the filter box (Hosseini et al., 2014). For 

the time-series monitoring of gaseous pollutants, an ana-

lyzer box (Testo 350K, Germany) was connected to the 

infrastructure, and the wind speed was measured in a time 

series using a Pitot tube (Testo, 0635 2145, Germany). 

Three sessions of the incineration experiment were per-

formed in an incinerator after dividing the specimens into 

200 g for each session. The collected emissions data on 

gaseous pollutants were statistically processed and a 

time-series analysis was performed.

Further, the specimens in which particulate contaminants 

were captured were pretreated with an ion sputter coater 

(G20, GSEM, Korea), and carbon compound particles were 

examined for each specimen through a scanning electron 

microscope (SEM, CUBE III, Emcrafts) equipped with 

EDS (QUANTAX-610X, Bruker). X-ray spectra were set 

at a 20 kV accelerating voltage under the control of soft-

ware (Esprit Compact, Bruker), and the working distance 

(WD) was set to 11–13. The average weight ratio of the 

elements, which were repeatedly detected for 300 seconds 

for each specimen, was calculated. The weight ratio was 

repeatedly analyzed three times for each detected PM. 

 

Results and Discussion

Experimental Setup Analysis

The setup for the incineration experiment was analyzed 

following the classification of incineration time, in-

cineration weight, average airflow rate, number of PM, and 

average gas temperature (Table 2). The incineration time 

was counted differently depending on the specimen used, 

as the difference in soil or absorbed matter on the specimen 

surface is considered to affect the time at which combustion 

was completed. The actual incineration weight of the speci-

Fig. 1. Diagram of the test infra for the incineration experiment of HDPE waste.

Repeat Time (min) Weight (g) Avg. Airflow (m3/min) Avg. gas temperature (℃)

1st 13.27 126.60 0.09 73.23

2nd 7.43 72.50 0.14 65.10

3rd 13.30 138.00 0.20 70.30

Table 2. Conditions for the incineration experiment of HDPE film waste collected in DangJin
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mens that underwent the incineration experiment ranged 

from 87.0-112.3 g, which indicates that the specimens under-

went significant incineration. For the average airflow rate, 

the blower applied to the experimental infrastructure was set 

at the minimum operating range (input/power consumption: 

260W/432W, maximum static pressure: 34mmAq) to main-

tain consistent operating conditions for each session of the 

experiment. The temperature at which the gas was captured 

in the gas probe for gaseous pollutants was in an in-

cineration range of 65.10℃-73.23℃, indicating that tem-

peratures below 100℃ were counted.

Incineration Analysis

The airflow rate generated during incineration of agricul-

tural HDPE waste is shown in Fig 2. and Table 3. It was 

measured that the combustion airflow rate started at 0.1-0.4 

m3/min at the beginning and decreased rapidly between 3-5 

minutes after combustion. The average airflow rate for each 

session ranged from 0.09–0.20 m3/min, which is considered 

to be caused by atypical factors related to the specimens, 

such as materials adsorbed on the surface, plastic density, 

and variations in thickness, even in the same HDPE film 

waste. 

 

CO Analysis

There are many existing research results on organic com-

pounds generated during incineration and pyrolysis of plas-

tic waste. Based on studies that examined the concentration 

of volatile organic compounds emitted in the process of 

pyrolysis through incineration experiments on PETE, 

HDPE, PVC, LDPE, PP, PS, and so forth, it was found 

that the concentration of aliphatic alkene compounds, in-

cluding 1-hexenes, 2-hexene, 1-pentene, 2-pentene, 2-bu-

tene, and cyclopentane was 74.8%, as identified during the 

incineration test of HDPE waste, and that of furan-based 

compounds was also high, whereas chlorine-based com-

pounds were not detected (Lee and Kim, 2004). During 

an incineration experiment of wood flour–HDPE compo-

sites, when the amount of CO generated during the in-

cineration process was measured, the CO emission in-

creased up to 900 ppm over time after about 600 seconds 

following the start of the incineration process. In this in-

stance, and for those composites that contained magnesium 

hydroxide (MDH), which is an inorganic flame retardant, 

a relatively small amount of CO emission of about 300 

ppm was measured (Shin et al., 2012).

The concentration of CO generated during the in-

cineration of agricultural HDPE waste is shown in Fig. 3 

and Table 4. During all sessions, the CO concentration in-

Fig. 2. Time-series monitoring of the airflow rate from the incineration experiment of the HDPE film waste.

1st 2nd 3rd

Mean 0.09 0.14 0.20

Max 1.59 1.59 1.59

Min 0.00 0.00 0.00

Table 3. Results of air-flow rate monitoring from the incineration experiment of HDPE film waste             (unit :m3/min)
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creased rapidly from the beginning of combustion and 

reached a maximum concentration between 0 and 1 minute 

after the beginning. This concentration rapidly decreased 

immediately after reaching the maximum concentration, 

and then it tended to converge at 100 ppm, which was 

maintained until the end of combustion. The average CO 

concentration for each session was measured to be 81.27–

112.58 ppm, and the maximum concentration was recorded 

as 122.58 ppm in the 2nd session.

 

Carbon Compound Particle Analysis

The SEM-EDS analysis was used to identify the chem-

ical composition of the specimens by analyzing the element 

distribution of PMs with an even carbon content among the 

particulate pollutants detected for each specimen (Table 5). 

Among the PMs, C (20.8–37.1 wt%) and O (33.7–37.9 

wt%) were detected at constant levels during the in-

cineration of agricultural HDPE waste specimens. For the 

other chemical compounds, it was analyzed that metal PMs 

Fig. 3. Time series monitoring of CO emissions from the incineration experiment of HDPE film waste.

1st 2nd 3rd

Mean 104.26 112.58 81.27

Max 366.00 151.00 182.00

Min 0.00 0.00 2.00

Table 4. CO monitoring results from the incineration experiment of HDPE film waste                                      (unit: ppm)

Chemical element Sample 1 Sample 2 Sample 3

C 32.7 ±   2.3 37.1 ± 2.2 20.8 ± 1.1

O 33.8 ± 0.5 33.7 ± 0.9 37.9 ± 1.4

F 0.4 ± 0.6 ND ND

Na 3.4 ± 0.3 2.9 ± 0.2 4.7 ± 0.5

Al 2.1 ± 0.1 1.8 ± 0.2 2.6 ± 0.1

Si 16.9 ± 1.1 14.8 ± 0.5 20.8 ± 1.1

K 2.4 ± 0.2 2.3 ± 0.2 2.9 ± 0.2

Ca 1.2 ± 0.1 1.1 ± 0.0 1.4 ± 0.1

Ti 0.4 ± 0.5 ND ND

Zn 3.0 ± 0.4 2.5 ± 0.3 3.7 ± 0.3

Ba 3.9 ± 0.5 3.7 ± 0.2 5.2 ± 0.4

Table 5. Chemical element analysis of carbon compound particles from the incineration experiment of HDPE film waste

                         (unit: wt%)
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including metalloids, alkali metals, alkaline earth metals, 

transition metals, and other metals reacted with C and C-O. 

As a representative metalloid, 14.8–20.8 wt% of Si was 

detected, which was deemed to have the highest weight 

ratio, excluding C and O. In addition, the metals that 

showed a high reaction with C and C-O among the captured 

PMs were alkaline earth metals including Ba (2.7–5.2 wt%) 

and Ca (1.1–1.4 wt%), as well as alkali metals including 

Na (2.9–4.7 wt%) and K (2.3–2.9 wt%). On the other hand, 

for transition metals capable of generating reactive oxygen 

species (ROS) in living organisms, Zn and Ti were 

detected. As small amounts of Ti were detected (0.4 wt%, 

SD = 0.5) in Sample 1 alone, it was not regarded as a 

major chemical compound, while Zn was found to have 

an even weight ratio of 2.5–3.7 wt% across all PMs. The 

other metal, Al, was also measured to have a significant 

weight ratio of 1.8–2.6 wt%. 

Therefore, for PMs with an even amount of C and O 

content, metalloids, alkali metals, and alkaline earth metals 

were analyzed to have a relatively high weight ratio com-

pared to transition metals and other metals. The character-

istics of these elemental units can be confirmed through 

the micrographs of PMs presented in Fig. 4. PMs that re-

acted with various metals maintained a shape like an ag-

gregate of small particles, which was similar to the ag-

gregate of minerals analyzed using SEM in a previous 

study (Slezakova et al., 2008). These shapes tended to be 

found in all analyzed PMs.

Transition metals such as Zn, which were counted at 

a relatively low weight ratio in the samples, but were de-

tected at constant levels in all samples, can generate ROS 

in living organisms. ROS are involved in the complex bal-

ance of control mechanisms that contribute to cell survival 

or death through intracellular signal transduction and chem-

Fig. 4. SEM-EDS elemental analysis of particles from incineration experiment of HDPE film waste collected in DangJin. 

(a) Sample 1, (b) Sample 2, (c) Sample 3.
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ical communication between cells (Habtemariam, 2019). 

Transition metals such as Fe, Cu, Ni, and Cr also affect 

oxidative stress (OS) on biological tissues. OS can be de-

veloped by diminished antioxidant defenses, via redox cy-

cling caused by semiquinone radicals of ROS generated 

by organic compounds adsorbed to particles, and through 

activated macrophages (Karlsson et al., 2005). 

Conclusion

In this study, an incineration experiment infrastructure 

was established based on the EPA Method 5G for open-air 

incineration simulation, and 20 kg of the specimens used 

for the incineration experiment were provided by the 

DangJin Office of the KECO. A time-series analysis of 

CO gaseous pollutants and an analysis of particulate pollu-

tants in elemental units were performed, which were emit-

ted during the open-air incineration of agricultural HDPE 

waste specimens. The experimental setup for the in-

cineration test was reviewed by classifying its properties 

into incineration time, incineration weight, average airflow 

rate, number of particles, and average incineration gas 

temperature. Further, airflow analysis, CO analysis, and 

carbon compound analysis were performed. For particulate 

contaminants, the captured samples were pre-treated with 

an ion sputter coater, and carbon compound particles were 

examined for each sample through SEM-EDS. The 

SEM-EDS analysis was used to determine the chemical 

composition by analyzing the elemental distribution of PM 

with an even carbon content among the captured particulate 

pollutants. The PM was detected at constant levels of C 

and O generated during the incineration of agricultural 

HDPE waste samples. For the other chemical compounds, 

metal PMs were analyzed for their reactions with C and 

C-O, including metalloids, alkali metals, alkaline earth met-

als, transition metals, and other metals.

The limitation of this study was that the HDPE waste 

used was limited to samples collected from a single region, 

and analysis of particles smaller than 1 μm was not per-

formed due to the limitations of SEM-EDS analysis 

capabilities. In addition, the general chemical composition 

derived through a qualitative analysis was not presented, 

as the results focused on the findings from a quantitative 

analysis. In the future, the findings from this work should 

be supplemented through follow-up studies. Additional re-

search should be conducted to carry out an in-depth analy-

sis of whether particulate pollutants containing metal com-

pounds emitted from the incineration of HDPE are harmful 

to the human body.
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