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Abstract 

In this study, the formation mechanisms, distribution characteristics, and 

potential environmental risks of hazardous air pollutants from industrial-scale 

waste incineration processes were investigated.  

First, to clarify the dominant formation mechanism of polychlorinated 

dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) in a hazardous waste (HW) 

incinerator, three tests were designed by adding different precursors in phenol-

containing raw materials. With the addition of p-dichlorobenzene, PCDD/F levels 

at the quenching tower outlet were ten times higher than levels observed at the inlet. 

This indicates that the quenching tower failed to suppress the formation of 

PCDD/Fs and surface-mediated precursor reaction is the dominant formation 

mechanism in low-temperature stages. Besides, adsoprtive memory effect in air 

pollution control devices (APCDs) also led to high PCDD/F emissions. These 

findings suggest that to control PCDD/F emissions, strict regulation of chlorine 

contents in feed materials and frequent cleaning of APCDs are necessary. 

Meanwhile, single particles and solid residues were collected from the same 

HW incinerator. Morphologies and elemental compositions of particles in flue gas 

and indoor air were characterized by transmission electron microscopy-energy 

dispersive X-ray spectrometry (TEM-EDS). Eight types of single particles were 

classified, as organic, soot, K-rich, S-rich, Na-rich, Fe-rich, mineral and fly ash 

particles. The heavy metal partitioning behavior study suggested that Hg, Cd and 

Pb were mainly enriched in fly ash through evaporation, condensation, and 

adsorption; while Cr, Cu, Mn, and Ni were mostly remained in the bottom ash due 

to their low volatilities. 
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In addition, the study also investigated environmental behaviors of certain 

characteristic pollutants. Thrity-two soil samples surrounding a cement plant co-

processing HW were collected and analyzed for the presence of 16 polycyclic 

aromatic hydrocarbons (PAHs) and 12 heavy metals. Ten samples were selected for 

PCDD/Fs analysis. The highest concentration of PCDD/Fs occurred 1200 meters 

downwind from the cement plant. Levels of ∑16 PAHs ranged from 130.6 to 1134.3 

μg/kg in soil. Source identification analysis suggested that the cement plant was the 

most likely source of PAH contamination. The concentrations of Cd and Hg were 

on average two times and six times higher than background values, respectively. 

Both incremental lifetime cancer risk model (ILCR) for PAHs and potential 

ecological risk index (RI) for heavy metals indicate potential risks to the population 

and the environment surrounding the cement plant. 

Last, to identify whether waste incineration is a major source for airborne 

environmentally persistent free radicals (EPFRs), tree leaf samples were collected 

from 120 sites surrounding four waste incinerators and one urban area. EPFR 

concentrations on leaves ranged from 7.5 × 1016 to 4.5 × 1019 spins/g. For the 10 

N.D. samples, they were all collected from areas inaccessible by vehicles. Although 

previous work has linked atmospheric EPFRs to waste incineration, the evidence in 

this study suggests that vehicle emissions, especially from heavy-duty vehicles, are 

the main sources. According to our estimation, over 90% of the EPFRs deposited 

on tree leaves might be attributed to automotive exhaust emissions, as a synergistic 

effect of primary exhausts and degradation of aromatic compounds in road dust. 
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Chapter 1  

GENERAL INTRODUCTION 

1.1 Industrial-Scale Waste Incineration and the Related Air Pollution Issues 

1.1.1 Status of Waste Incineration Industry in Domestic and International Scope 

As rapid urbanization and industrialization lead to increasing amounts of 

municipal and industrial waste yielded in China, demand of innocuous treatment 

and disposal has grown continuously in recent years. There are three main types of 

waste treatment widely applied, which are landfill, incineration, and recycling 

(including composting) [1]. According to the latest report on National Bureau of 

Statistics of China (shown in Figure 1.1), from 2012 to 2018, the amount of 

municipal solid waste (MSW) collected and transported increased 33.5 % (from 

170.8 million tons to 228.0 million tons) [2]. However, the number of MSW 

incineration plants increased 139.9% (from 138 to 331), and the treatment capacity 

of incineration increased 197.3% (from 122,649 ton/day to 364,595 ton/day). As a 

comparison, the treatment capacity of landfill only increased 16.8% (from 310,927 

ton/day to 373,498 ton/day). Figure 1.1 also shows the growth curves of the total 

amount of MSW treated and disposed of China in recent years. It can be seen that 

the increase rate of incineration is much faster than landfill. This is mainly attributed 

to the government support of developing waste incineration industry in China’s 12th 

five-year plan (2011-2015) [3]. Due to many benefits such as volume reduction, 

detoxification, and energy recovery, incineration has become one of the most 

preferred disposal technologies in regions with land resource shortage [4-6]. In 
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objectives of 13th five-year plan, the MSW incineration capacity of major cities 

around China is expected to reach half of the total harmless disposal capacity by 

the end of 2020.  

 

Figure 1.1 Amount of MSW yielded and treated from 2012 to 2018 in China. 

Data source: China Statistical Yearbook 2013-2019 

 

From the perspective of spatial distribution, domestic MSW incineration 

plants are mostly located in eastern coastal region (illustrated in Figure 1.2). It can 

be seen from Figure 1.2 that Jiangsu, Zhejiang, and Guangdong are the top three 

provinces with the highest MSW incineration capacity. This distribution pattern 

might mainly because of two reasons: first, high density of population in the eastern 

areas; second, rapid economic development in these provinces. It was reported that 

64.7% of construction projects of waste incinerators were in eastern provinces in 

statistics of 2012 [3]. For choosing the site of MSW incineration plants, there are 
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mainly two types: in suburbs with less population and economic activities, or in 

industrial areas with other pollution sources. For megalopolises such as Beijing, 

Shanghai, Guangzhou, and Shenzhen, there are multiple MSW incineration plants 

located in different districts. However, due to the hazardous air pollutants, the fast 

expansion of MSW incineration industry causes not-in-my-back-yard issues in 

public.  

In Hong Kong, because of the public opposition on building waste incinerators, 

currently, most of the waste are still disposed of in landfills. According to the newest 

statistics from Hong Kong Environmental Protection Department, the total amount 

of waste landfilled in 2018 was 5.87 million tons, and 1.78 million tons of waste 

was recycled. The only running waste incinerator in Hong Kong is located at Tuen 

Mun (T·Park), specialized for sewage sludge disposal. Despite of the public 

opposition, due to the pressure of the limited landfilling spaces, a municipal solid 

waste incinerator is under construction, with a proposed daily treatment capacity of 

3000 tons. This incinerator is located at Shek Kwu Chau, an unfrequented offshore 

island, and it is expected to be put into operation as early as 2022. 
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Figure 1.2 Spatial distribution of MSW incineration plants and treatment capacities 

in China [7]. 

 

For global status of MSW incineration industry, a world distribution map of 

incineration capacity is presented in Figure 1.3. The data sources of this figure are 

from multiple institutions, including International Solid Waste Association (EU) [7], 

Energy Recovery Council (U.S.) [8], Ministry of the Environment (Japan) [9], and 

scientific research groups [10]. It can be seen that except China, the top four 

countries with the highest waste incineration capacities are Japan, the U.S., 

Germany, and France; while in underdeveloped regions such as Africa, industrial-

scale incineration is rarely existed. This indicates that the popularity degree of waste 

incineration might reflect the economic development level of a region to some 

extent. Figure 1.4 shows the growth curves of MSW incineration capacity of 

different regions from 1960 to 2015. It can be seen that each region has a particular 



5 

 

period of fast development time. For example, the waste incineration practices for 

Japan, the U.S., Germany, and France started its rapid expansion since 1985, while 

for China, the fast development started from 2005. Due to this two-decade lag, 

issues such as lacking operating experience and effective supervisory system 

widely exist in China’s waste incineration industry. This leads to some substandard 

emissions which have been reported by research groups and be blamed by the public 

[11, 12]. 

 

Figure 1.3 Distribution map (2015) of MSW incinerators in China [12]. 

 

 

Figure 1.4 Growth curves of waste incineration capacity among representative 
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regions [12]. 

 

There are mainly three types of combustors used for waste incineration, which 

are movable grate, fluidized bed, and rotary kiln. In European countries, movable 

grate is the mainstream choice for MSW incineration, due to its availability for 

inhomogeneous waste. However, for countries including the U.S. and Japan, 

fluidized bed is more common. This is mainly because the pretreatment of MSW in 

these countries are more detailed, so that wastes are shredded and homogenized. 

For rotary kiln, it is mostly applied in hazardous waste incineration process as the 

first combustor. 

In China, grate furnace combustor and circulation fluidized bed combustor are 

both applied in MSW incineration. The advantages and disadvantages of these two 

types of combustors are compared in Table 1.1. It was reported that since 2015, the 

market share of grate furnace is keeping increasing [13]. So far, number of fluidized 

bed incinerators only take approximately 25% of the total incinerators in China.  

Table 1.1 Comparison of advantages and disadvantages of two combustors. 

 Advantages Disadvantages 

 

 

Grate 

furnace 

combustor 

High technical maturity, 

Stable during operation, 

Low requirement on 

quality and calorific 

value of solid waste, 

Less fly ash yielded, and 

Low operating cost. 

 

Require a high initial 

investment, 

Require the quality of 

heat-resistant materials, 

Not easy on maintaining, 

Low efficiency on waste 

combustion. 

 

Fluidized 

bed 

combustor 

A lower initial 

investment, 

High efficiency on waste 

combustion, 

Long service life. 

Require auxiliary fuels, 

Require pretreatment of 

solid waste, 

Complicated operating 

process, 

More fly ash yielded. 

 

On the other side, for non-hazardous industrial solid waste (NHISW) and 
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hazardous waste (HW), the amount of them yielded in 2017 were 3315.9 million 

tons and 69.4 million tons, respectively in China. Compared to the statistics in 2012, 

there were 0.77% and 100.2% increasing, respectively. The order for growth rate is 

HW> MSW >> NHISW, which indicates that the waste incineration industry in 

China is developing towards the treatment of HW and MSW. Generally, HW is 

defined as waste contains toxic substances, which could pose substantial or 

potential threats to the public health or the environment. In China, the National 

Hazardous Waste Catalogue stipulates 46 categories and 479 types in total of HW 

including medical waste, wasted mineral oil, bottom ash and fly ash from MSW 

incineration, etc. [14]. Compared with landfill and other physical means, 

incineration is the most thorough disposal approach for HW which cannot be safely 

deposited, reduced or recycled [15]. In the National Plan for Construction of 

Facilities for Disposal of Hazardous Waste and Medical Waste, which was issued 

by the National Development and Reform Commission and Ministry of 

Environmental Protection of China in 2008, incineration has been identified as the 

preferred choice for hazardous waste disposal [16]. However, the amount of HW 

incinerated in 2017 was 25.5 million tons, only taking 36.8% of the total amount of 

HW yielded [17]. The gap between HW treatment demands with current 

incineration capacity will drive the development of HW incineration industry to 

keep expanding upon the following years.  

1.1.2 Hazardous Air Pollutants Emitted from Waste Incineration 

One of the primary concerns of municipal solid waste incineration and other 

incineration processes is air pollutants emitted from stacks, and substandard 

emissions have been pervasively reported in China [12, 18]. Generally, air 
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pollutants emitted from waste incinerators can be categorized as five types, 

including acidic gases (e.g. SO2, NO2, HCl, HF, etc.), products of incomplete 

combustion (e. g. CO, NO, PAHs, etc.), particulate matter, heavy metals (e. g. Hg, 

Cd, Pb, Cr, Cu, etc.), and trace organic pollutants (e. g. PCDD/Fs, PCBs, etc.).  

MSW incineration technology has been widely adopted in many developed 

countries as well, and their corresponding emission limitations have been issued 

earlier than China. In 2014, the Ministry of Environmental Protection of China 

revised the Standard for Pollution Control on the Municipal Solid Waste 

Incineration to further control the toxic emissions and protect the public health. 

Table 1.2 compares the emission standards of MSW incineration among EU, the 

U.S., Japan, South Korea, and China. It can be seen that China’s past standard (GB 

18485-2001) was not strict enough and all the limitations were higher than the 

international levels then. However, in the newly implemented standard (GB 184-

2014), these limitations are lower than or close to the international levels. 

Correspondingly, China’s MSW incineration plants are facing a tougher challenge 

to prevent air pollution emission levels from excess the stricter standard.  

In China’s revised standard, the continuous and on-line monitoring for 

particulate matters, SO2, NOx, HCl, and CO is required [19]. By improving the 

combustion efficiency and equipping sound air pollution control devices (APCDs), 

the levels of acidic gases, products of incomplete combustion, and particulate 

matters are relatively easier to be controlled under the limitations. However, for 

heavy metals, they are only required to be monitored at least once a month; while 

for PCDD/Fs, the monitoring regulation is even released to at least once a year, due 

to the difficulties and high costs on sample collection and analysis. An investigation 

into 19 MSW incinerators around China found that PCDD/F emission levels in 16% 
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of the incinerators were higher than 1.0 ng I-TEQ/Nm3, and in 68% of the 

incinerators, the levels were higher than 0.1 ng I-TEQ/Nm3 [20]. Another study 

tracked PCDD/Fs emission levels in 26 MSW incinerators in China and obtained 

82 results from 2008 to 2012. It was found that approximately 15% of the 

observations exceeded 1.0 ng I-TEQ/Nm3, and 55% exceeded 0.1 ng I-TEQ/Nm3 

[21]. In addition, from a study focusing on Hg emissions from eight MSW 

incineration plants in southern China, it was reported that more than 40% of flue 

gas emissions exceeded the updated national standard (50 μg/Nm3) [22]. However, 

compared to PCDD/Fs and Hg emissions, monitoring studies for other heavy metals 

were less conducted and reported. Most of the related studies focused on 

partitioning behavior of heavy metals during MSW incineration in laboratory-scale 

furnaces, instead of conducting large number of inspections to verify if emissions 

exceed the limitations.  

Previous epidemiological studies mainly focused on the potential health risks 

caused by PCDD/Fs due to their high toxicities and carcinogenesis. Viel et al. (2008, 

2011) reported that increased concentrations of organochlorine and risk of non-

Hodgkin lymphoma were observed among neighbors of a MSW incinerator [23, 

24]. In addition, a recent epigenetic study found that children living near MSW 

incinerators might suffer genetic modifications due to PCDD/Fs and other 

contaminations [25]. One the contrary, health risks related to heavy metals emitted 

from MSW incineration were less reported. However, a recent modeling study 

basing on the national emission factors of 200 MSW incineration plants found that 

Cr and Cd (rather than PCDD/Fs) in stack gas are the top contributors to inhalational 

carcinogenic and non-carcinogenic health risks for local population, respectively 

[26].   
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Table 1.2 Comparison of emission limits of MSW incinerators between China and other countries. 

  

Country/region 

Particulate 
matters 

CO SO2 HCl NOx 
Cd + 
Tl 

Hg  

PB + Sb 
+ As + 
Cr + Co 
+Cu + 
Mn + Ni 
+ V 

PCDD/Fs 

mg/Nm3 
(ng I-

TEQ/Nm3) 
China’s current standard 
  Daily avg. 20 80 80 50 250 - - - - 
  Hourly avg. 30 100 100 60 300 - - - - 
  Measured avg. - - - - - 0.1 0.05 1.0 0.1 
China’s old standard (2000 ~ 2016) 

Hourly avg.  - 150 260 75 400 - - - - 
  Measured avg. 80 - - - - 0.1 0.2 1.6 1.0 
EU (Directive 2010/75/EU) 

Daily avg. 10 50 50 10 200 - - - - 
Half-hourly avg. 30 100 200 60 400 - - - - 

  Measured avg. - - - - - 0.05 0.05 0.5 0.1 
U.S. (US EPA,1995, 2006) 

Existing, Large 19.1 89 60 32.5 270 0.027 0.038 0.305 0.5 
  Existing, Small 53.5 89 162.6 280 - 0.076 0.061 1.223 2.0 
  New built, Large 15.3 89 61 28 219 0.008 0.038 0.107 0.2 
  New built, Small 18.3 89 61 28 - 0.015 0.061 0.153 0.2 
Japan (Japan MOE, 2006) 
Large scale incinerator 44.4 38.2 Varies 777.7 522.6 - - - 0.1 
South Korea (Seo, 2013)[27] 
 20 57.3 78.5 29.9 131.7 - - - 0.1 
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1.1.3 Air Pollution Control Measures in Waste Incinerators and Current 

Deficiencies 

Figure 1.5 illustrates the schematics of (a) a typical MSW incinerator and (b) 

a typical HW incinerator. To control air pollution from waste incineration processes, 

there are three main directions, which are source controlling, combustion condition 

improving, and flue gas cleaning. For MSWs, source controlling is based on a 

complete waste-sorting system. Kitchen waste and certain types of plastics with 

high chlorine contents, as well as construction waste with high heavy-metal 

contents are suggested to be separated from feeding into an incinerator [28]. Besides, 

the copper content should be carefully controlled in feeding waste because Cu(II) 

serves as the most effective catalyst in the surface-mediated precursor reaction to 

form PCDD/Fs [29]. Shi et al. (2008) found that with implementing the source 

classified MSW collection system, levels of chlorine, heavy metals and moisture 

were lower in feeding waste. As a consequence, PCDD/Fs generated in flue gas was 

30.6% lower than the test using mixed MSW without sorting [30]. For HWs, source 

controlling includes a sensitive sorting system and a stable chemical compatibility. 

Under a condition that industrial wastes with high heavy metal contents are 

inevitable for HW incineration plants, how to scientifically design the composition 

of feeding materials is critical for minimizing the formation of toxic pollutants [31-

33]. 

For improving combustion condition during waste incineration, one of the 

major purposes is to avoid the generation of incomplete combustion products as 

much as possible. Besides, in order to suppress the formation of PCDD/Fs and other 

trace toxic organic pollutants, “3T + E” principle is enforced for industrial-scale 

waste incinerators. To be specific, “3T” represents temperature, residence time, and 
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turbulence, and “E” represents excess air, respectively. First, to thoroughly destroy 

gaseous pollutants, the temperature in the secondary combustion chamber is 

regulated at the range of 850 to 1200℃. Second, the residence time of raw waste 

materials should be 45 mins to one hour in the furnace and in the secondary chamber, 

gases need to reside at least 2 seconds at temperatures > 850℃, with a minimum 

oxygen concentration of 6% in a controlled and homogenous atmosphere. It has 

been reported that on an intermediate oxygen condition (excess air coefficient = 1), 

PCDD/F generation is promoted, while by increasing excess oxygen, the 

destruction of PCDD/Fs is observed [34, 35]. Last but not least, turbulent gas flow 

in the secondary combustion chamber is necessary to make sure an intimate mixing 

of combustion gases and fresh air. It is critical to completely destroying the un-burnt 

fraction and the gaseous pollutants [36].  

For reducing pollutant emission, APCDs in the post combustion zone plays an 

indispensable role to remove particulate matter and acidic gases. As Figure 1.5 (a) 

shows, in a typical MSW incineration facility, there are six typical sections in 

APCDs, which are selective non-catalytic reduction (SNCR) denitrification tower, 

semi-dry deacidification scrubber, dry deacidification scrubber, activated carbon 

injector, bag filter, and selective catalytic reduction (SCR) denitrification tower [37]. 

The design of SNCR and SCR towers is in order to reducing NO2 levels in flue gas, 

while semi-dry and dry towers are designed for SO2 removal. By injecting activated 

carbon, normally, over 95% gaseous pollutants (including PCDD/Fs, acidic gases, 

Hg) can be absorbed, and in conjunction with a bag filter, most of the particulate 

matters including activate carbon powder can be collected instead of being released 

into atmosphere. Chen et al. (2003) compared PAH emissions from two livestock 

waste incinerators. It was found that for the incinerator installing a wet scrubber, 
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the emission factor of total PAHs was 2.85 mg/kg, while for the other incinerator 

without implementing any APCD, the emission factor was nearly 100 times higher 

[38]. For heavy metals, Song et al. (2004) collected ashes from each section of 

APCDs in a MSW incinerator and investigated removal efficiencies of heavy metals. 

It was found that 95% Hg was captured by water spray tower and bag filter, while 

82%of Cd was absorbed by the dry absorber and the bag filter [39]. It is worth 

noting that within cost constraints, only a few incineration plants can afford 

installing the full array of the six-section APCDs. Since the compulsive tests of 

PCDD/Fs and heavy metals are once a year and once a month, respectively, it is not 

guaranteed that APCDs’ operating condition and efficiency are consistent. This 

suggests that the monitored concentrations of toxic emissions might be lower than 

those during actual operation.  

For HW incineration plants, a quenching tower after the primary heat-

exchange boiler is mandatory by Ministry of Environmental Protection of China. 

The function of this device is to rapidly cool down flue gas temperature from over 

500℃ to 200℃ within one second, so that the formation of PCDD/Fs through de 

novo synthesis could be suppressed. However, the efficiency of quenching tower 

has been questioned in a recent study because it might not suppress the fast surface-

mediated precursor reactions to form PCDD/Fs [32].  

Apart from the above-mentioned traditional measures, recent studies start to 

explore novel approaches for flue gas cleaning. Korell et al. (2009) developed a 

multifunctional scrubber which can remove 87% ~ 97% Hg, particulate matters, 

and PCDD/Fs simultaneously [40]. Hung et al. (2014) coupled a catalytic filter 

which could destruct gaseous PCDD/Fs with a traditional activated carbon injector 

and a bag filter, and the integrated removal efficiency of PCDD/Fs reached 97% 
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[41]. In addition, studies on injecting inhibitors and suppressing PCDD/F 

formations are developing fast. Alkaline oxidizes, sulfur-containing and nitrogen-

containing compounds (e.g. Mg(OH)2, thiourea, urea, etc.) are the three types of 

most reported inhibitors [42-44]. However, at the present stage, their inhibition 

efficiencies in full-scale incinerators are normally unstable, and without being able 

to be recycled, excessive cost could lower the economic value of this technology. 

These limitations indicate that before achieving industrial-scale application of 

PCDD/F inhibitors, a large number of verification studies need to be conducted [45]. 
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(a) MSW incineration facility 

 
(b) HW incineration facility 

Figure 1.5 Schematics of typical MSW incineration (a) and HW incineration (b) facilities.  
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1.2 Description of the Selected Hazardous Air Pollutants Emitted from Waste 

Incineration 

In the present research, five groups of hazardous air pollutants emitted from 

waste incineration processes are involved, including PCDD/Fs, PAHs, 

environmental persistent free radicals (EPFRs), heavy metals, and primary 

particulate matter. The whole project can be divided into two parts: (1) engineering 

tests in full-scale incinerators, and (2) environmental investigations by anazyling 

soil and leaf samples. Studies focusing on PCDD/Fs, heavy metals, and particulate 

matters mainly belong to engineering tests conducted in incinerators, and the 

purposes are to elucidate the formation mechanisms/pathways of these pollutants. 

While for PAHs and EPFRs, the objectives of these studies are to characterize their 

environmental behaviors such as transportation patterns, spatial distributions, 

potential secondary reactions in the environment, as well as their potential risks 

posing to the local population.  

1.2.1 Polychlorinated Dibenzo-p-dioxins and Dibenzofurans (PCDD/Fs)  

Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated 

dibenzofurans (PCDFs) are a category of chlornated tricyclic aromatic compounds 

with almost planar structures [46]. Due to the difference of substitution sites and 

numbers of chlorine, 75 congeners of PCDDs and 135 congeners of PCDFs are 

found in total. Figure 1.6 shows the structures of dioxin and furan with numbers 

assigned to different sites which can be substituted by chlorine. Table 1.3 

summarizes the names, abbreviations and number of congeners in each homologue. 
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Figure 1.6 Chemical structures and numbering schemes for dioxins and furans. 

 

Table 1.3 Names, abbreviations and number of congeners in PCDD/F homologue. 

Homologue Abbreviation Chlorines Number of 

Congeners 

Polychlorinated Dibenzo-p-dioxins PCDDs  75 

Monochlorodibenzo-p-dioxins MCDD 1 2 

Dichlorodibenzo-p-dioxins DCDD 2 10 

Trichlorodibenzo-p-dioxins TrCDD 3 14 

Tetrachlorodibenzo-p-dioxins TCDD 4 22 

Pentachlorodibenzo-p-dioxins PnCDD 5 14 

Hexachlorodibenzo-p-dioxins HxCDD 6 10 

Heptachlorodibenzo-p-dioxins HpCDD 7 2 

Octachlorodibenzo-p-dioxin OCDD 8 1 

Polychlorinated Dibenzofurans PCDFs  135 

Monochlorodibenzofurans MCDF 1 4 

Dichlorodibenzofurans DCDF 2 16 

Trichlorodibenzofurans TrCDF 3 28 

Tetrachlorodibenzofurans TCDF 4 38 

Pentachlorodibenzofurans PnCDF 5 28 

Hexachlorodibenzofurans HxCDF 6 16 

Heptachlorodibenzofurans HpCDF 7 4 

Octachlorodibenzofuran OCDF 8 1 

 

It is worth mentioning that biological toxicities (including teratogenic, 

carcinogenic, and mutagenic properties) were only found in seven PCDDs and ten 

PCDFs, which are 2,3,7, and 8 substitute congers [47]. The abbreviations of 17 

PCDD/F congeners are given in the list of abbreviations. These sites are important 

to the toxicity mediated endpoint of binding with the Aryl hydrocarbon receptor. 
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Due to the high lipophilic properties, these PCDD/Fs bioaccumulate in human body 

and wildlife, hard to be metabolized and may cause developmental disturbance and 

cancer. Thus, they are considered as persistent organic pollutants (POPs) and listed 

in the Stockholm Convention on POPs. Various studies have shown that these 17 

congeners are associated with a series of adverse effects on humans, such as 

immune and enzyme disorders, reproductive disfunction, and cancer, which are 

mainly produced unintentionally in industrial-scale thermal processes such as waste 

combustion and metal smelting [12, 48]. It has also been observed that they were 

emitted by vehicles, and generated during the manufacture of pesticides and paper 

mill [49-51]. The sources and emission amount of PCDD/Fs on a world scale are 

given in Table 1.4.  

According to the recent-updated inventory from U.S. EPA [52], the sources of 

PCDD/Fs except incineration include the following types: metal smelting/refining; 

chemical manufacturing sources; natural sources, and environmental reservoirs. It 

is worth mentioning that backyard barrel burning of waste has been identified as 

the largest burning emission source in the U.S., producing about one third of the 

total output. However, in China, with the rapid development of constructing new 

waste incinerators, especially under an imperfect regulation system, excessive 

emission of PCDD/Fs is still a pressing issue.  
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Table 1.4 Worldwide emission inventory of PCDD/Fs [53]. 

Source Amount* Range 

Municipal solid waste combustion 1130 680~1580 

Adhesive and hazardous waste combustion 680 400~900 

Metal production 350 210~490 

Non-combustible hazardous waste combustion 320 190~450 

Medical waste combustion 84 49~119 

Recycled copper utilization 78 47~109 

Leaded petrol combustion 11 6~16 

Lead-free fuel combustion 1 0.6~1.4 

*Unit: kg I-TEQ/a. 

 

Although incineration is the most important way to generate PCDD/Fs and 

concentrations of PCDD/Fs in ambient air of incinerators are higher than in urban 

atmosphere, the inhalation is not the major exposure pathway for human. Various 

studies have verified that ingestion of food is the predominant exposure pathway 

because PCDD/Fs are highly lipophilic and tend to accumulate through food-chain 

[54, 55]. Thus, to evaluate the potential environmental impact from stationary 

sources which emit PCDD/Fs, study should not be confined to atmospheric samples. 

Instead, attention on PCDD/F levels in the surrounding soil and agricultural 

products should be paid as well. 

The most toxic PCDD/F congener is 2,3,7,8-Tetrachlorodibenzodioxin 

(TCDD). The concept of Toxic Equivalence Factor (TEF) is used to rate the toxicity 

of each congener. For 2,3,7,8-TCDD, the TEF = 1; while for other dioxin congeners, 

their TEFs range from 0 to 1. There are two TEF schemes including International 

Toxicity Equivalent (I-TEF) and World Health Organization TEF (WHO-TEF), 

which is presented in Table 1.5. The WHO-TEF has been revised from WHO1995-

TEF to WHO2005-TEF by downgrading some of the TEFs and increasing others, 
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but still give higher values than I-TEF in certain congeners. The total dioxin toxic 

equivalence (TEQ) value expresses the toxicity as if the mixture were pure TCDD. 

To calculate the TEQ, the concentration of each individual congener is multiplied 

by its respective TEF value. The total TEQ is the sum of the 17 individual congeners’ 

TEQs (seen in Equation 1.1) [53]. It is worth mentioning that currently, adopting I-

TEF is more commonly seen than WHO-TEF in estimating the potential health risks 

of 17 PCDD/F mixture.  

𝑇𝐸𝑄 =  ∑[𝐶𝑖] ×  𝑇𝐸𝐹𝑖               (Equation 1.1) 

Where Ci is the mass concentration of the PCDD/F congener. 

 

Table 1.5 The toxic equivalent factors of PCDD/F congeners. 

Congener I-TEF WHO2005-TEF 

2,3,7,8-TCDF 0.1 0.1 

1,2,3,7,8-PeCDF 0.05 0.03 

2,3,4,7,8-PeCDF 0.5 0.3 

1,2,3,4,7,8-HxCDF 0.1 0.1 

1,2,3,6,7,8-HxCDF 0.1 0.1 

2,3,4,6,7,8-HxCDF 0.1 0.1 

1,2,3,7,8,9-HxCDF 0.1 0.1 

1,2,3,4,6,7,8-HpCDF 0.01 0.01 

1,2,3,4,7,8,9-HpCDF 0.01 0.01 

OCDF 0.001 0.0003 

2,3,7,8-TCDD 1 1 

1,2,3,7,8-PeCDD 0.5 1 

1,2,3,4,7,8-HxCDD 0.1 0.1 

1,2,3,6,7,8-HxCDD 0.1 0.1 

1,2,3,7,8,9-HxCDD 0.1 0.1 

1,2,3,4,6,7,8-HpCDD 0.01 0.01 

OCDD 0.001 0.0003 
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1.2.2 Polycyclic Aromatic Hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are a category of compounds that 

have benzene rings as the building block and as combining different number of 

benzene rings in different geometric configurations. Each one of these is a PAH. 

PAHs can be modified by adding additional constituents like nitrogen and hydroxyl 

and one of the carbons, as well as substances like chlorinated and brominated PAHs, 

which also have important environment and health concerns. In a priority pollutant 

control list issued by U.S. EPA, there are 16 PAH congeners being included because 

of their carcinogenic and mutagenic properties [56]. The structures of the 16 priority 

PAHs are shown in Figure 1.7 with their abbreviations. 

 

Figure 1.7 The structures of 16 priority PAHs. 
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The simplest PAH is the two-ring naphthalene, which is the most volatile 

compound among them. PAHs with five or six-membered rings are recognized as 

high-ring PAHs, and seven of them have been identified as carcinogenic compounds 

by International Agency of Research on Cancer (IARC), which are 

Benz(a)anthracene, Benzo(a)pyrene, Benzo(k)fluoranthene, Benzo(b)fluoranthene, 

Chrysene, Di-benz(a,h)anthracene, Indeno(1,2,3-cd)pyrene [57]. Besides the 

difference in toxicity, PAHs with different ring number show different 

physicochemical properties. Two to three ring PAHs have higher vapor pressure, 

and thus, they are more volatile than four to six ring PAHs. In addition, two to three 

ring PAHs are easier to be degraded (e.g. through photolysis and microbial). 

Generally, two to three-ring PAHs are classified as low molecular weight PAHs, 

while four to six-ring PAHs are classified as high molecular weight PAHs.  

The degree of toxicity and carcinogenicity of PAH varys with their chemical 

structure. Generally, the higher ring number of the PAH has, the higher toxicity it 

is. Similar to PCDD/Fs, toxic equivalence factors (TEFs) of PAHs are used to assess 

the overall risk of 16 congeners. Benzo(a)pyrene (B(a)P) is recognized as the most 

toxic and carcinogenic PAH. The TEF of indiviual PAH represents a ratio of the 

toxicity of this PAH to that of B(a)P [58]. The TEQ of certain PAH is calculated by 

multiplying the concentration with its TEF value, and then by summing up TEQ 

values of each PAH, the total TEQ is obtained. Table 1.6 lists the TEF value for 16 

PAHs under the priority control of U.S. EPA.  
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Table 1.6 The TEFs for 16 individual PAH congeners. 

Congener TEF Congener TEF 

Benzo(a)pyrene 1 Anthracene 0.01 

Dibenz(a.h)anthracene 1 Naphthalene 0.001 

Benz(a)anthracene 0.1 Acenaphthylene 0.001 

Benzo(b)fluoranthene 0.1 Acenaphthene 0.001 

Benzo(k)fluoranthene 0.1 Fluorene 0.001 

Indeno(1.2.3.cd)pyrene 0.1 Phenanthrene 0.001 

Chrysene 0.01 Fluoranthene 0.001 

Benzo(g.h.i)perylene 0.01 Pyrene 0.001 

 

PAHs are not only primarily found in anthropogenic activities, but also from 

natural sources. The natural sources generating PAHs are represented by forest fire 

and volcanic eruption, but anthropogenic processes dominate the origin of PAHs in 

the environment, representing by fossil fuel/biomass burning and industrial 

emission. Both naturally-generated PAHs and the man-made PAHs are derived 

mainly from the incomplete combustion or pyrolysis of organic material. Currently, 

the most recognized anthropogenic sources of PAHs are petroleum spills, pesticide 

formulations, sewage sludge, incineration, vehicle emission, coke industry, etc. 

Apart from this classification, sources of PAHs can be classified as petrogenetic and 

pyrogenic sources. Petrogenic origin of PAHs is related to crude oil and its refined 

products, and pyrogenic origin is related to incomplete combustion of organic 

matter. It has been reported that the proportion of high molecular weight PAHs from 

pyrogenic sources is generally higher than those from petrogenetic sources, and 

high molecular PAHs are formed in high temperature combustion processes [59, 

60]. 
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1.2.3 Environmental Persistent Free Radicals (EPFRs) 

Environmentally persistent free radicals (EPFRs) are an emerging category of 

pollutants attracting increasing attention from environmentalists and toxicologists. 

A free radical is that at least one unpaired electron exists on an atom or molecule 

[61]. Typically, the lifetime of a typical molecular free radical is several 

picosceonds because of the reactive unparied electron(s). However, it was found 

that a special type of free particles normally stabilized on or inside particles can be 

persistent in the environment for days to months [62]. The earliest report on 

persistent free radicals can be dated back to 1950s, which Ingram and colleagues 

found that in coals, soot, and cigarette smoke samples, the signal of persistent free 

radicals can be detected [63]. However, the extensive research on EPFRs started 

from this decade. Since Dellinger and his colleagues found the widespread presence 

of EPFRs in environmental matrices such as soil and atmospheric particulate 

mattter [64, 65], related biotoxicity and formation mechanism studies are 

correspondingly developing [66-69]. While the existence of persistent free radicals 

in coals, soot, and cigarette smoke has been reported as early as the 1950s, the first 

quantitative determination of EPFR concentrations in atmospheric PM2.5 was 

conducted in Baton Rouge, Louisiana in 2008 [65, 70]. In the last five years, 

growing evidences of the potential negative effects induced by EPFRs led to 

investigations into atmospheric EPFR concentration levels in multiple countries. So 

far, EPFRs have been found in fly ash [71], soil [64], aged microplastics [72], diesel 

exhaust particles [73], road dust [73], wasted tires [73], and biochar [74].  

The qualitative and quantitative analysis of EPFRs is normally achieved by 

electron paramagnetic resonance (EPR) spectroscopy (also known as electron spin 

resonance, ESR). EPR spectrometers measure the absorption of electromagnetic 
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radiation. The double integration value of area under the EPR single broad peak 

representes the quantitative concentration of radical spins in the sample. Apart from 

the concentrations, the g-value of EPFRs is another important parameter, which is 

used to characterize the magnetic moment and gyromagnetic ratio of an atom to 

understand the species and structures of free radicals. In short, g-value reflects the 

property of the electron in a certain environment [75]. The g-value of a free electron 

in a vacuum is 2.00232. However, when the environment of the electron changes, 

for example, it is bonded with a transition metal-ion complex, the second magnetic 

field will influence the electron, resulting in the change of g-value [75]. It has been 

recognized that for radicals with g-values ranging from 2.003 to 2.0035, the oxygen 

atom locates close to the unpaired electron in the benzene structure. If the g-value 

of a radical increases to 2.004, the lone pair electron is localized on the oxygen 

atom, such as phenoxy radical species. For radicals with g-values larger than 2.0045, 

there might be multiple oxygens on the same ring (such as semiquinone radicals) 

[70, 76]. Besides the g-values, the half-peak width of EPFR signal (ΔHp-p) is 

another important parameter to indicate the composition of EPFRs. Briefly, the 

wider ΔHp-p, the more complex composition and species of EPFRs in the sample.  

In previous studies, thermal processes such as waste incineration were 

considered as an important contributor of EPFRs occurring in the environment. 

Breifly, an electron is transferred from an organic molecule such as phenol to a 

transition metal ion such as Cu(II). The complexes formed between free radicals 

and reduced transition metal ions make the free radicals stable [62]. However, 

several recent studies broaden the origins of EPFRs by putting forward other 

formation pathways of EPFRs. Liao et al. (2014) found that EPFRs can be generated 

without transition metals during pyrolysis to form biochar, due to the breaking of 
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chemical bonds in organic precursors [77]. Zhu et al. (2019) reported that EPFR 

signals can be detected from photoaged nicroplastics (polystyrene and phenol-

formaldehyde resin) [72]. Wang et al. (2019) suggested that the major contributor 

of airborne EPFRs might be related to the secondary reactions from vehicle 

emissions in stead of stationary sources [73]. At the current stage, research on 

sources and occurrence of EPFRs is still evolving, mainly due to the progress of 

multiple biotoxities related to EPFRs. Biotoxicological studies have found that the 

generation of reactive oxygen species (ROS) could be induced from EPFRs under 

catalytic agents, causing oxidative stress and subsequently DNA damage [64, 70, 

78]. In addition, animal experiments have reported cardiac and pulmonary injury 

when comparable concentration of EPFRs in ambient PM were inhaled [68, 79-81]. 

 

1.2.4 Heavy Metals 

Heavy metals are commonly defined as metals that their densities are higher 

than 5 g/cm3 [82]. There are about 45 metals are recognized as heavy metals, which 

includes Gold (Au), Silver (Ag), Copper (Cu), Lead (Pb), Zinc (Zn), Nickel (Ni), 

Cobalt (Co), Chromium (Cr), Cadmium (Cd), mercury (Hg), arsenic (As), etc. On 

the contrary, widely-existed alkali and alkaline-earth metals such as Na, K, Ca, and 

Mg are not heavy metals.  

The wide distribution of heavy metals in the environment is owning up to their 

massive applications in industry, agriculture, pharmacy, technology, and household 

goods. Among them, As, Cd, Cr, Pb, and Hg are considered as the five priority 

metals which are of public heath significance. They have the greatest potential to 

cause adverse effects on human health and the environment, because of their 
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extensive use, toxicity of some of their combined or elemental forms, and their 

widespread distribution [82, 83]. Even at low levels of exposure, multiple organ 

damages can be induced by these metallic elements, and thus, they are considered 

as systemic toxicants. Besides, the above-mentioned metals are classified as either 

“known” or “probable” human carcinogens according to U.S. EPA and IARC [83]. 

Moreover, these metals can bind with thiol groups (-SH), and result in inhibition of 

normal founction of enzymes. For example, hexavalent chromium, Cr (VI), is 

highly toxic as mercury vapor and inorganic mercury compounds. Besides, Cr (VI) 

and As are confirmed carcinogens; Cd causes a degenerative bone disease; Hg and 

Pb damage the central nervous system. The three main pathways to human exposure 

are ingestion, inhalation, and dermal contact. The type of heavy metal and its 

chemical form, as well as exposure time and dose co-determine the specific severity 

of the adverse health effects [83]. 

Although in the earth’s crust, heavy metals are naturally existed, 

environmental contamination and human exposure cases are mainly attributed to 

anthropogenic emissions. For heavy metal contaminants, the dominant sources are 

from industrial activities represented by mining, forging, coal burning and smelting. 

In addition, agricultural applications, vehicle emissions and domestic effluents are 

the three minor contributors. Particularly, in waste incineration industry, metals 

with low-boiling points are prone to be emitted into the ambient atmosphere, such 

as Cd, Hg, and Pb [84]. On the contrary, metals with high-boiling points such as Cr, 

Cu, and Ni are hard to be volitized, which tend to be enriched in bottom ash. This 

might cause soil contaminations through leaching processes after landfill.  
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1.2.5 Primary Particles 

The generic definition of particulate matter (PM) is a mixture of solid particles 

an liquid droplets in the atmosphere [85], including primary particles and secondary 

aerosols, and it is referred to as total suspended particulate (TSP) in atmospheric 

jargon. Primary particles are PM directly discharged from emission sources, which 

the physical and chemical properties have not been changed in the environment. 

Primary particles are derived from both human and natural activities. Combustion 

of coal and oil, such as coal heating, thermal power generation, and motor vehicles 

are the most significant sources, followed by open burning of biomass and industrial 

activities such as steel making and waste incineration. Chemical compositions and 

morphologies of particles generated from different processes are characterized. In 

general, there are nine types of primary single particle classified as follows: mineral 

dust, sea salt, S-rich particles, N-rich particles, K-rich particles, metal-rich particles, 

soot, organic-particles, and fly ash [86]. Geometry forms of primary particle can be 

in spherical, cuboidal or rod-like shapes. Single particles can aggregate to chain-

like structures by weak physical interactions (adhesion), and further, the chain 

structures can agglomerate to larger units (> 1μm). The sizes of single particle, 

aggregate, and agglomerate are illustrated below:  
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Figure 1.8 Size distributions of single particle, aggregate, and agglomerate. 

 

Particules with aerodynamic diameters smaller than 10 μm (i.e. PM10) are 

inhalable by humans, while fine particles smaller than 2.5 μm (i.e. PM2.5) can enter 

bronchiole and pulmonary alveolus. Furthermore, ultrafine particles (PM0.1) can 

penetrate through long cells into the blood circulation, causing cardiovascular 

diseases and central nervous system disorder. Since there is no secondary chemical 

processes involved, sizes of primary particles are generally smaller than secondary 

PM. Thus, the potential negative effects from occupational exposure of primary 

ultrafine particles might be more serious than secondary PM. Particle-induced 

production of ROS is one of the most reported toxicities in occupational exposure 

cases. As a consequence, oxidative stress and a potential response to DNA damage 

can be induced [87]. In addition, it has been reported that occupational exposure to 

particles lead to the elevated risk of acute myocardial infarction and other ischaemic 

heart diseases [88]. 
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1.3 Formation Mechanisms of PCDD/Fs, PAHs, EPFRs and Partitioning 

Characteristics of Heavy Metals During Waste Incineration 

According to the combustion zone theory, there are five chemical reaction 

zones (presented in Figure 1.9), which are zone 1, preflame, fuel zone (from near 

ambient to 1,200°C); zone 2, high-temperature, flame zone (1,000 ~ 1,800°C); zone 

3, postflame, thermal zone (600 ~ 1,100°C); zone 4, gas-quench, cool zone (200 ~ 

600°C); zone 5, surface-catalysis, cool zone (200 ~ 600°C) [89]. In zone 2, many 

“traditional” pollutants such as SO2, CO, and NOx are formed, while with 

temperature decreasing, gas phase reactions occur in zone 3. Aromatic free radicals, 

PAHs and soot particles are gradually produced in this process. Zones 4 & 5 are the 

major zones where formation of PCDD/Fs and other halogenated organics occur. 

 

Figure 1.9 Chemical reaction zones according to the combustion zone theory [81]. 

 

1.3.1 Formation Mechanisms of PCDD/Fs 

PCDD/Fs were firstly detected in fly ash and flue gas samples form municipal 

incinerators in Netherland in the late 1970s [90]. Since then, research has started on 

their formation mechanisms and environmentnal distributions. Based on previous 

research, three main PCDD/F formation mechanisms during waste incineration 
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have been reported: (1) gas phase reactions (> 600°C) as radical-molecule 

chemisorbing in the post combustion zone [91, 92]; (2) surface-mediated precursor 

reaction with transition-metals catalyzation (200 ~ 500°C) [93-95]; (3) de novo 

synthesis (200 ~ 500°C), in which PCDD/Fs are directly formed from carbon in 

soot or fly ash through elementary reactions [93, 96, 97]. This means that the 

formation of PCDD/Fs occures in combustion zones 3, 4, and 5. The detailed 

pathways of high-temperature gas phase radical-molecule reactions and low-

temperature surface-mediated precursor reactions are illustrated in figure 1.10.  

The gas phase radical-molecule reaction is also regarded as high-temperature 

homogeneous reaction. In the secondary combustion chamber, macromolecular 

organic matters are desturcted into small molecules such as short chain alkanes and 

alkenes. With the existence of chlorine, the decomposed structures were 

resynthesized to form chlorobenzenes, chlorophenols and their radicals as 

precursors in radical-molecule reactions to form PCDD/Fs [95]. It was found that 

during combustion, the oxidation and chlorination of organic precursors are 

competitive. Only when the formations of chlorobenzen and chlorophenol are easier 

than the oxidizing reaction, PCDD/Fs can be formed through free radical 

polymerization reactions [98]. Stanmore (2004) reviewed the formation mechanism 

studies of PCDD/Fs in combustion systems and suggested that the optimum 

temperature ranges for the gas pahse reaction might be 500 ~ 800℃ [99]. However, 

through modeling analysis based on reaction rate calculation, Shaub et al. (1983) 

suggested that the predominant pathway to PCDD/F formations should be low-

temperature heterogeneous reactions rather than high-temperature gas phase 

homogeneous reaction [100].  
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Figure 1.10 Formation of PCDD/Fs through (a) & (b) high-temperature radical-molecule reactions and (c) & (d) low-temperature 

surface-mediated precursor reactions. 



33 

 

The low-temperature heterogeneous reactions include surface-mediated 

precursor reaction and de novo synthesis. For the surface-mediated precursor 

reaction, in brief, PCDD/F precursors such as chlorophenol and chlorobenze bond 

with transition metals on fly ash; in this process, electrons transfer from precursors 

to metals, for instance, Cu(II) can be reduced as Cu(I). Through the metal catalyzing 

process, precursor radicals are generated, and PCDD/Fs can be formed by 

dehydrogenation, dechlorination, and condensation reactions [101, 102]. Although 

the whole process occurs on fly ash, part of the volatile PCDD/Fs generated are 

vaporized into gas-phase effluent.  

For de novo synthesis, the formation of PCDD/Fs is based on elementary 

reactions involving carbon, hydrogen, oxygen, and chlorine. With the catalytic 

metals (such as Cu and Fe), carbon-based large molecules (e.g. coke, soot, and 

activated carbon) in fly ash can react with Cl2 (converted from HCl) to form 

PCDD/Fs and other chlorinated organics such as chlorophenol. It has been found 

that in de novo synthesis, 65% ~75% of carbon in fly ash are oxidized to CO2, 

around 1% are converted to chlorobenze, and only 0.01% ~ 0.04% are involved in 

PCDD/Fs formation [103, 104]. It was generally accepted that if the yield of total 

PCDFs is larger than PCDDs, de novo synthesis is the dominant formation 

mechanism [96, 105-108]. Most of the existing research regarded the dominant 

PCDD/F formation pathway as the de novo synthesis in MSW and HW incinerators, 

due to the observation of high PCDF yield. However, recent laboratory-scale 

precursor models have started to challenge this assertion. Nganai et al. (2014, 2017) 

found that the PCDD to PCDF ratio is largely dependent on the feed materials, and 

thus, it is inappropriate to be used as an indicator of de novo synthesis in 

incinerators [109, 110]. In addition, it was reported that during the co-combustion 
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of simulated municipal solid waste and coal, the major PCDD/F formation pathway 

was considered to be precursor condensation rather than de novo synthesis [111]. 

Yet, to the best of our knowledge, there is no field study discussing the formation 

mechanism based on the precursor model.  

1.3.2 Formation Mechanisms of PAHs  

The formation of PAHs is based on the formation of the first aromatic ring (i.e. 

benzene) and the subsequent molecular growth reactions. The formation of benzene 

under high temperature is described as cyclization reactions following addition 

reactions of acetylene (C2H2) and acetylene radical (C2H·) [112]. Wang and 

Frenklach (1997) proposed the hydrogen abstraction acetylene (C2H2) addition 

(HACA) mechanism for PAH growth, which has been widely recognized as the 

dominant pathway in incomplete combustion process [113]. The represented 

formation of napthlene and pyrene are illustrated as Figure 1.11 (a)(b). During 

waste incineration, organic molecules cannot be completely oxidized into CO2. 

Instead, part of them are destructed as short-chain alkenes, alkenes, and alkynes, 

which are identified as precursors of PAHs. These low molecular weight 

hyfrocarbons can transfer to their radicals under high temperature. Through HACA 

reactions, aromatic rings keep cyclizing and growth to form stable high-ring PAHs 

such as B(a)P. It is worth mentioning that the ring-growth of PAHs eventually 

results in formation of soot particles. 
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(a) Formation pathway of napthlene 

 

(b) Formation pathway of pyrene 

Figure 1.11 Selected formation pathways of (a) naphthalene and (b) pyrene. 

 

1.3.3 Formation Mechanisms of EPFRs 

Currently, the accepted elucidation of EPFRs formation mechanism in 

combustion process is based on a series of experimental studies conducted by 

Lomnicki et al. and Vejerano et al. [67, 70, 114]. These researchers proposed that 

on the surface of particles, transition metal oxides such as Fe2O3 and CuO serve as 

mediators and electrons can be transferred from them to aromatic hydrocarbons 

through physisorption and chemisorption processes. It has been found that aromatic 

compounds which can serve as EPFR precursors include phenol, hydroquione, 2-

monochlorophenol (2-MCP), 1,2-dichlorobenzene (1,2-DCB), and catechol [70]. 



36 

 

The formation pathways of EPFRs from five different precursors are illustrated as 

Figure 1.12. At beginning, these organic precursors absorb to metal oxides surface 

through hydrogen-bong interaction. Then, H2O and HCl are eliminated from phenol 

and chlorobenzene, respectively, which is considered as chemisorption. In this 

process, electrons transfer from Cu(II) to the organic precursors, resulting in 

formation of Cu(I) and EPFRs. It was reported that with different precursors and 

reaction temperatures, the g-values of EPFRs are various, which indicates that the 

chemical structure of these radicals are inconsistent. As shown in Figure 1.12, g1 

represents g-values observed from phenolxyl radicals, while g2 represents g-values 

observed from semiquinone radicals.  

 

Figure 1.12 Formation pathways of EPFRs from various precursors. 
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1.3.4 Patitioning Characteristics of Heavy Metals 

During waste incineration, migration behaviors of heavy metals are 

traditionally studied by analyzing their concentrations in bottom ash, fly ash, and 

emitted gas. Davison et al. (1974) first reported that the determing factor of metal 

partitioning patterns is their boiling point [115]. For low-boiling point metals such 

as Hg, Cd, As, and Pb, their partitioning behavior mainly experiences three core 

processes, which are volatilization, gas-phase surface reaction, and condensation 

with nucleation. These metals are firstly volatilized in high-temperature combustion 

zone. With temperature keeps changing, their chemical forms are various (e.g. in 

the elemental form, oxidation state, chlorinated state, etc.). The change of their 

chemical forms is regarded as gas-phase surface reaction. Then, with temperature 

decreasing (< 600℃), they homogeneously condensed or heterogeneously 

condensed on the surface of small particles [116]. For nonvolatile heavy metals 

such as Cr, Ni, Cu, and Fe, they rarely experience the process of volatilization-

condensation. Instead, they are oxidized and enriched in bottom ash. Their 

appearance in flue gas are mainly attributed to the entrainment of flow [117]. The 

migrating process of heavy metals during incineration is shown in Figure 1.13.  
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Figure 1.13 Migrating process of heavy metals during combustion. 

 

Although research on partitioning characteristics of heavy metals used similar 

investigation methods, discrepancies of the heavy metal partitioning characteristics 

were ubiquitously existed among different studies [84, 117, 118]. The physical and 

chemical properties of feeding materials, operating conditions of the studied 

incinerator (e.g. temperature, residence time, and mixing condition), as well as 

design of flue gas cleaning systems have been identified as three important factors 

to affect the behaviors and distributions of metals in the incineration system [117, 

119]. Thus, it is relatively difficult to draw firm conclusions on the partitioning 

pattern of heavy metals during incineration. 

 

1.4 Environmetnal Impacts of Hazardous Air pollutants from Waste 

Incineration Process 

Studies on evaluating environmental imapcts of hazardous emissions from 

waste incineration industry mainly include four parts, which are (1) monitoring the 
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emission characteristics of pollutants; (2) investigating concentrations of hazardous 

pollutants in environmental media; (3) depicting the transportation and distribution 

patterns of pollutants; and (4) assessing health risk for local populations and 

ecological risk for the environment. For characterizing pollutant emission levels, 

most of the related studies focused on PCDD/Fs due to their high toxicity and 

persistency [20, 120, 121]. Apart from monitoring PCDD/F emission levels under 

normal operating conditions, studies also investigated the levels during start-up and 

shut-down stages [122, 123]. By contrast, studies reporting emission level of heavy 

metals, PAHs, and EPFRs are much fewer. For investigating environmental levels 

of hazardous pollutants, ambient air and soil are two media mostly studied [124]. 

There are also studies investigating PCDD/F concentrations in surrounding food for 

evaluating their potential health risks [125-127]. Due to studies of emission 

monitoring and environmental investigating mainly contain the describing of 

observations, their relevant literature review will not be included in this section. 

Instead, research progress of transport characteristics (dispersion and deposition) 

and environmental/health risk assessment will be introduced in detail. 

1.4.1 Research Progress on Transport Patterns of Hazardous Pollutants 

As the attention on urban air quality is increasingly paid, a massive 

international research efforts have been focusing on the dispersion and deposition 

characteristics of air pollutants emitted from stationary sources. Research on 

transport patterns of air pollution from stationary sources can be divided into the 

short-range and long-range transport.  

For short-range transport (<50km), the current main-stream air dispersion 

modeling system is represented by AMERMOD (AMS/EPA Regulatory Model 
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Inprovement Committee), which is developed from ISCST3 (Industrial Source 

Complex Short Term Version 3). AMERMOD is a steady-state plume model based 

on Gaussian dispersion equation. Based on planetary boundary layer turbulence 

structure and scaling concepts, which includes treatment of both surface and 

elevated sources, and both simple and complex terrain, the air dispersion pattern is 

predicted [128, 129]. Before running the model, a meteorological data preprocessor 

and a terrain data preprocessor convert meteorological/terrian data into a specific 

format which can be used in dispersion equations. With inputting parameters of the 

emission source (e.g. concentration levels, emission rate, stack height, etc.), the 

model calculates and outputs the concentration of target pollutants in the defined 

coordinates.  

Currently, AMERMOD has been widely applied for predicting the dispersion 

of regular pollutants such as SO2, NOx, TSP, etc. Besides, scientific reports on 

simulating the distribution of trace pollutants (such as PCDD/Fs and Hg) are 

increasing. Trinh (2009) compared the results of spatial distribution of PCDD/Fs in 

soil surrounding an incinerator by ISCST3 and AERMOD [130]. Heckel and 

LeMasters (2011) applied AERMOD to estimate residential ambient concentrations 

of elemental Hg in the vicinity of a coal-fired boiler [131]. Rada et al. (2011) 

conducted an environmental impact evaluation of a municipal solid waste bio-

drying plant based on AERMOD modeling results of PCDD/F concentrations in the 

atmosphere [132]. However, due to the gas-particle partitioning difference among 

different pollutants, the dispersion patterns are actually various [133]. This indicates 

an important limitation of the air pollution dispersion models, which is that the 

modeling results cannot be precise. Besides, for emerging pollutants, the 

application of AERMOD and other emission dispersion models are rarely reported.  
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For long-range transport, part of the emitted pollutants can circulate on a 

global scale, which are represented by POPs and heavy metals such as Hg. These 

persistent and volatile compounds can be transported to alpine and polar areas 

through a process called “the “grasshopper effect”. First, they are evaporated out of 

the soil in warmer countries where they are generated, and travel through the 

atmosphere toward cooler areas. Then, they condense out again when the 

temperature drops. With temperature increasing, they start to evaporate again. This 

process repeats in "hops" and can carry them thousands of kilometres in a matter of 

days [134]. Eventually, pollutants produced in low/middle latitudes accumulate in 

high latitudes. It was reported that the breast milk of the average Inuit mother has 

five times as much PCDD/Fs as that of her counterpart in the industrialized world 

[135].  

To simulate the transport and distribution behaviors of pollutants, the 

CALPUFF Modeling System is developed based on Lagrangian theory. It is a long-

range transport air quality modeling system under non-steady-state meteorological 

conditations (e.g. stagnation, inversion, recirculation, or fumigation) and complex 

terrain. US. EPA recognizes this model as an alternative model for predicting long-

range transport patterns of pollutants and their impacts on Federal Class I areas (e.g. 

national parks). It has been used to simulate the dispersion of regular pollutants 

from multiple industrial activities [136, 137]. Mangia and Carvinao (2012) 

simulated the atmospheric dispersion and deposition of PCDD/Fs emitted from 

industrial sources through CALPUFF and proved that the model reasonably 

simulates the deposition patterns [138]. 
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1.4.2 Research Progess on Environmental and Health Risk Assessment 

As a quantitative characterization of risks to the ecosystem posing by 

pollutants, environmental and health risk assessment is necessary for providing 

administrative decisions and reducing the potential ecological damage. The earliest 

ecological risk assessment framework was set forth by the National Acadmy of 

Sciences, USA in 1983. In this framework, there are four steps included, which are 

(1) hazard identification, (2) dose-response assessment, (3) exposure assessment, 

and (4) risk characterization [139]. For waste incineration facilities, U.S. EPA set a 

human health risk protocol to provide a standard risk assessment procedure for risk 

assessors [140]. This protocol systemically describes the detailed procedure of 

conducting a completed health risk assessment, including: 

⚫ Identifying compounds of potential concern (COPC); 

⚫ Modeling the dispersion and deposition of air pollutants; 

⚫ Setting recommended exposure scenarios; 

⚫ Estimating COPC concentrations in soil/food/water; 

⚫ Quantifying exposure pathways through inhalation/ingestion/dermal; 

⚫ Calculating lifetime cancer risks and noncancer hazards for each pathways; 

⚫ Interpretating uncertainty and limitations; 

⚫ Making conclusions and suggestions according to the risk level.  

For other ecological receptors, the indicator of hazard quotient (HQ) is one of 

the most common way to quantify the potential risk [141, 142]. It describes the ratio 

of the potential exposure to a substance and the level at which no adverse effects 

are expected. HQ >1 is a simple indicator of an exposure concentration exceeds the 

reference concentration. The sum of hazard quotients for substances that affect the 

same receptors is defined as hazard index (HI) [142]. Another widely used indicator 
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is risk quotient (RQ). It is the ratio of a estimated environmental concentration and 

an effect level or endpoint obtained from eco-toxicity testing. It is worth mentioning 

that to specific subjectives (i.e. contaminants and receptors), there are multiple risk 

assessment models based on exposure-response relationships.  

 

1.5 Objectives of This Study 

Due to the rapid development of MSW and HW incineration industry in China, 

it is crucial to control hazardous air pollutants emitting from these processes. To 

prevent excessive emissions, one of the core unclearities is the formation 

mechanism of the hazardous air pollutants. For PCDD/Fs, traditional mechanism 

studies were mostly based on laboratory-scale observations. However, in practical 

operating condition of full-scale waste incinerators, their dominant formation 

pathway remains controversial. For heavy metals and primary particles, their 

partitioning and formation process has never been studied from TEM-based micro-

morphology level. In addition, the distribution patterns of hazardous pollutants 

(especially emerging pollutants such as EPFRs) in the surrounding soil, as well as 

the potential risks to the population and the environment have not been fully 

investigated. 

Based on the deficiencies and blank of the present research, the major 

objectives of this study are listed as follows: 

(1) To identify the dominant formation mechanism of PCDD/Fs in practical 

operating conditions of full-scale waste incinerators; 

(2) To explore the morphology and formation pathway of primary particles and 

metal partitioning behavior during waste incineration; 



44 

 

(3) To investigate EPFR levels in environmental media surrounding waste 

incinerators and identify whether incineration is an important source; 

(4) To depict the distribution pattern of PAHs, PCDD/Fs, and heavy metals in soil 

surrounding an emerging cement-waste co-processing plant and evaluate the 

environmental/health risks. 

Ultimately, this research aims to provide practical strategies on controlling the 

formation and reducing the emissions of hazardous pollutants such as PCDD/Fs, 

heavy metals, and primary particles in industrial-scale waste incineration. In 

addition, it is the author’s hope that the novel finding of the study can contribute 

useful information to better understand the spatial distribution and origins of EPFRs, 

as well as potential risks encountered by waste incineration industry. 

 

1.6 Framework of This Study 

The conceptual framework is presented in Figure 1.14. After the general 

introduction, two studies on formation mechanisms of PCDD/Fs and formation 

pathways of particulates with heavy metals involved will be described in part II, 

respectively. Then, the environmental behaviors (including the dispersion, 

distribution in environmental media, and potential risks) of selected hazardous 

pollutants will be depicted in part III. Last, to summarized the whole study, a 

chapter for general discussion and conclusion will be set with putting forward some 

general solutions for air pollution control in domestic waste incinration industry. In 

adition, the innovation and contribution of this work, as well as stating the limiting 

and future works will be included in this chapter. 
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Figure 1.14 Conceptual framework of this study. 
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Chapter 2  

FORMATION MECHANISMS OF PCDD/Fs AND THE 

RELATED EMISSION REDUCTION STRATEGIES: A CASE 

STUDY IN A HAZARDOUS WASTE INCINERATOR  

2.1 Introduction 

The rapid development of the China’s chemical industry has resulted in 

expanding amounts of hazardous waste. According to official government statistics, 

the quantity of hazardous waste in China increased from 34.7 to 69.4 million tons 

from 2012 to 2017. Yet in 2017, HW disposed through incineration only reached 

2.28 million tons. [143, 144]. According to the statistics in 2014, industrial waste 

(i.e. organic materials, waste acid, electronic sewage sludge, etc.) took over 70% of 

the total hazardous waste (by weight), and medical waste took 14% [145]. For 

instance, large amounts of waste activated sludges are produced during wastewater 

treatment, and the heavy metals and organic pollutants in them could cause potential 

risks to the environment [146]. Since improper disposal of hazardous waste may 

pose serious threats to human health and the environment, the ability to safely 

dispose of large volumes of hazardous waste is an area needing significant and 

immediate attention. Developed countries have turned to incinerating their 

hazardous waste because of many benefits including volume reduction, 

detoxification, and energy recovery. It was reported that in 2014, 95 million tons of 

hazardous waste was produced in European countries, and the majority of that waste 

was disposed in HW incinerators [147]. In China, the development of the 

incineration industry has lagged behind the developed countries, but recently the 
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national government has vigorously promoted the construction of incineration 

facilities[148][149].  

Compared to developed countries, hazardous waste sorting systems in China 

are deficient, heavy metals and chlorine contents in the raw feed of HW incinerators 

could fluctuate in widely, which might result in secondary pollutions (e.g. Hg, Pb, 

and Cu) posing environmental risks to the local populations [149-152]. It has been 

reported that high-chlorine contents could promote the formation of PCDD/Fs in 

thermal processes [153, 154]. High-chlorine levels in the feed material is likely a 

key factor leading to 70% of the HW incinerators in China failing to meet the 

emission limit of EU (0.1 ng I-TEQ /Nm3) [33]. The high-chlorine contents may 

alter PCDD/F formation pathways, compared to incinerating municipal waste 

contains lower levels of chlorine. Previous studies on this subject adopted 

laboratory-scale experiments to simulate the industrial process and discussed the 

effect of chlorine and other factors such as transition metal, temperature, and 

oxygen on the formation of PCDD/Fs [29, 155]. However, the practical conditions 

of the full-scale HW incinerators are different from a laboratory-scale furnace. Thus, 

field studies could better reflect the actual emission of PCDD/Fs. The U.S. EPA 

investigated the PCDD/F emissions in a hazardous-waste-firing industrial boiler 

which was typically used in North America under different operating conditions and 

feed compositions [156]. Li et al. [123] compared the PCDD/F emission levels 

between shutdown-startup cycles and normal operating conditions. The PCDD/F 

removal efficiencies in APCDs were also investigated from different incineration 

facilities [157-159]. Apart from the incineration industry, studies focusing on 

reducing PCDD/F emissions have been conducted in the metal sinter plants [160, 

161] and started to seek for new solutions such as the gasifier [162]. These studies 
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primarily focused on reporting emission levels, but elucidation of PCDD/F 

formation mechanisms in HW incinerators, especially under different feeding 

compositions, is still at an initial stage. To minimize PCDD/F emissions and 

improve the corresponding control guidance, the dominant PCDD/F formation 

pathways for different temperature stages need to be thoroughly investigated. 

Based on previous research, three PCDD/F formation mechanisms from waste 

incineration have been reported: (1): gas-phase reactions (> 600°C) as radical-

molecule chemisorbing in the post combustion zone [91, 92]; (2) surface-mediated 

precursor reaction with transition-metals catalyzation (200 ~ 500°C) [93-95]; (3) de 

novo synthesis (200 ~ 500°C), in which PCDD/Fs are directly formed from carbon 

in soot or fly ash [93, 96, 97]. It was generally accepted that if the yield of total 

PCDFs is larger than PCDDs, de novo synthesis is the dominant formation 

mechanism [96, 105-108]. However, recent laboratory-scale precursor models have 

started to challenge this assertion [109, 110] found that the PCDD to PCDF ratio is 

largely dependent on the feed materials, and thus, it is inappropriate to be used as 

an indicator of de novo synthesis in incinerators. In addition, it was reported that 

during the co-combustion of simulated municipal solid waste and coal, the major 

PCDD/F formation pathway was considered to be precursor condensation rather 

than de novo synthesis [111]. Yet, to the best of our knowledge, there is no field 

study discussing the formation mechanism based on the precursor model. Most of 

the existing research regarded the dominant PCDD/F formation pathway as the de 

novo synthesis in HW incinerators, due to the observation of high PCDF yield. 

However, the contents of organochlorine, phenolic compounds, and transition 

metals are normally high in hazardous waste. In this case, PCDD/Fs are more likely 

to be formed from surface-mediated precursor reaction, which is much faster than 
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de novo synthesis [96, 163, 164]. 

To suppress the formation of PCDD/Fs in low temperature zones, China’s 

Ministry of Environmental Protection mandates the use of a quenching tower during 

the incineration of hazardous waste. The underlying principle of the quenching 

tower is to spray water to cool the flue gas from 500°C to 200°C within one second. 

Thereby, PCDD/Fs formed through de novo synthesis are assumed to be suppressed. 

However, in the process of incinerating hazardous waste, a large number of 

precursors to PCDD/Fs (e.g. chlorinated phenols and chlorinated benzenes) could 

be formed. Through the fast surface-mediated precursor reaction, PCDD/Fs can be 

created in the low-temperature gas-quenching zone. This may result in the failure 

of PCDD/F suppression in the quenching tower. However, few evaluations 

involving the suppression efficiency of quenching tower have been reported. 

In this study, three tests were designed to simulate the normal and high-

organochlorine compositions of hazardous waste materials. Organic compounds, 

including naphthalene, carbon tetrachloride (CCl4), and p-dichlorobenzene, as well 

as metal oxides (CuO, Pb3O4, and HgO), were added in the homogenized hazardous 

waste raw feed. The objectives of this study are: (1) to track the PCDD/F formation 

pathways and distinguish the dominant formation mechanism in a full-scale HW 

incinerator with the intentional addition of different principle organic hazardous 

constituents (POHCs); (2) to evaluate the PCDD/F suppression efficiency of the 

quenching tower under operational conditions; (3) to compare PCDD/F emission 

characteristics and mass balance of different raw feed compositions. Ultimately, 

this research aims to provide practical policy suggestions on controlling the 

formation and reducing the emissions of PCDD/Fs in industrial-scale HW 

incinerators. 
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2.2 Materials and Methods 

2.2.1 Basic Information on the HW Incinerator and Characteristics of The Raw Feed 

The full-scale HW incinerator investigated in this research is located in an 

industrial park in Jiangsu Province, China. The schematic diagram and sampling 

sites of the HW incinerator are provided in Figure 2.1. Well-blended hazardous 

waste material was fed into the counter-flow rotary kiln with an average rate of 

1054 kg/h during the field study. The counter-flow rotary kiln is believed to provide 

a better way to roll, mix and burn the raw material. To ensure the complete 

decomposition of polycyclic compounds, a second combustion chamber with 

higher temperatures (>1100°C), long residence time (> 2s), and abundant oxygen 

(excess air coefficient > 1.5) is equipped after the rotary kiln (Incineration Task 

Force of the Water Environment Federation, 2009). After the second combustion, 

the flue gas is cooled by a heat exchange boiler from 1100°C to 600°C, followed 

by a cyclone dust collector. Next, a quenching tower is equipped, and working 

principle of this facility is spraying water towards flue gas, so that the gas 

temperature cools down from over 500°C to lower than 200°C within one second. 

The purpose of this step is to suppress the formation of PCDD/Fs. It is worth noting 

that in European Union, the use of a quenching tower is not mandatory, possibly 

because advanced waste sorting systems could prevent high-chlorine waste 

materials from entering HW incinerators as feed. 

To remove pollutants from flue gas before emission, a set of APCDs are used. 

After the quenching tower, flue gas enters the gas cleaning system, which includes: 

a dry scrubber, an activated carbon injector, a fabric bag filter, and a wet scrubbing 

tower. The temperature at the outlet of the bag filter fluctuates between 170 to 

200°C. NaHCO3 and activated carbon powder (ACP) are injected to absorb acid 
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gases and PCDD/Fs in gaseous phase with an injection rate of 31 and 20 kg/h, 

respectively. Then, the bag filter helps remove pollutants into the fly ash collector 

[165]. In addition, it has been reported that wet scrubbers also show an ability to 

remove particulate-bound PCDD/Fs [166]. Before the field study started, the 

APCDs were cleaned thoroughly to remove accumulated fly ash and minimize any 

potential impact on the experiment results. The operating conditions of the HW 

incinerator are presented in Table 2.1. The average production rates of bottom ash 

and fly ash are 221 kg/h and 69 kg/h, respectively. 

 

Figure 2.1 Schematic diagram and sampling sites of the investigated HW incinerator. 
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Table 2.1 Operating conditions and parameters of the hazardous waste incinerator. 

Operating Conditions  

Annual capacity (t/yr) 10,000 

Operation (h/d) 24 

Production of fly ash (t/yr) 650 

Production of bottom ash (t/yr) 2100 

Flue gas per unit (Nm3/h) 14626 

Hazardous waste flow rate (t/h) 1.25 

Gas residence time (s) 2.49 

Middle temp. of furnace (°C) 900 

Exit temp. of second furnace (°C) 1100 

Exit temp. of boiler (°C) 770 

Exit temp. of cyclone (°C) 550 

Exit temp. of quench tower (°C) 180-200 

Exit temp. of bag filter (°C) 170-200 

O2 (%) 13.2 

NOx (mg /Nm3, O2 11%, dry basis) 43.6 

SO2 (mg /Nm3, O2 11%, dry basis) 0.2 

HCl (mg /Nm3, O2 11%, dry basis) 33 

 

The hazardous raw materials used during these experiments as feed were a 

homogenized mixture of phenolic waste, woodchips, and industrial sludge 

(33:15:9). The detailed characterization of the raw material is provided in Table 2.2. 

According to the element contents of C, H, O, N, and S in the raw material, the 

theoretical oxygen volume required can be calculated as 902075 L/h, and the air 

needed is 4296 m3/h, correspondingly. Three tests were designed with different 

compounds intentionally added to the raw material, with the purpose of simulating 

the normal and high-organochlorine compositions with the existence of transition 

and toxic metals in practical conditions. In test A, an average of 5 kg/h naphthene, 

32 kg/h CCl4, 52 g/h CuO, 47 g/h Pb3O4, and 4.7 g/h HgO were mixed into raw 



53 

 

materials. The combustion of waste materials lasted 14 hours. After sampling test 

A, a control test was conducted with no compounds added to the raw material (test 

B). Samples were collected after a three-hour stabilizing period to ensure flue gas 

collected at the inlet of stack gas was from the same composition of feeding 

materials as other sampling points. Then, 5 kg/h naphthalene was replaced with p-

dichlorobenzene at the same feed rate in test C. The amount of other POHCs 

remained the same as in test A. As in test B, samples were collected after a three-

hour stabilizing period. Details including sampling time, frequency, and conditions 

are provided in Table 2.3. The chlorine contents in the feed material of test B (the 

control), test A, and test C were 0.17%, 2.70% and 2.72%, respectively. It is worth 

mentioning that during actual operating conditions, chlorine contents could be up 

to 4% higher than in this research [167]. Thus, the intentionally designed 

compositions of these tests could reflect actual raw material contents. 

Table 2.2 Characteristics of hazardous waste feed material. 

Characteristics of hazardous waste feed material 

Moisture content (wt %) 40.63 Low calorific value 

(kJ/kg) 

1.10×104 

Ash (wt %) 22.65 Nap (μg/kg) 339.80 

Volatile matter (wt %) 32.86 MeHg (μg/kg) 38.28 

Fixed carbon (wt %) 3.86 CCl4 (μg/kg) 13.65 

Elemental analysis (wt %) 

C 34.88 S < 0.05 

H 4.44 Cl 0.17 

N  0.97 O 11.27 

Heavy metals (mg/kg) 

Cu 6.71 Zn 233 

Hg  0.059 Cr 36 

Pb  < 2.1 Ni 2.08×103 

Cd < 0.6 As 1.22 
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Table 2.3 Sampling time, conditions and compositions of raw feed. 

Experimental sequence Date (duration) Feed 

Before sampling  

(stabilize working condition for test 

A) 

Sept. 1, 2018  

10:00-16:00 (6h) 

1054 kg/h raw material  

5 kg/h      naphthene  

32 kg/h     CCl4 

52 g/h      CuO  

47 g/h      Pb3O4 

7 g/h       HgO 

Test A 
Sept. 1, 2018  

16:00-24:00 (8h) 

Pause interval  

(stabilize working condition for test 

B) 

Sept. 2, 2018  

0:00-3:00 (3h) 
1054 kg/h raw material 

Test B  
Sept. 2, 2018 

3:00-5:30 (2.5h) 

Pause interval  

(stabilize working condition for test 

C) 

Sept. 2,2018 

5:30-8:30 (3h) 

1054 kg/h raw material  

5 kg/h p-dichlorobenzene 

32 kg/h     CCl4 

52 g/h      CuO  

47 g/h      Pb3O4 

7 g/h       HgO 

Test C 
Sept. 2, 2018  

8:30-11:00 (2.5h) 

 

2.2.2 Sample Collection 

Sampling collection follows the U.S. EPA standard Method 23 A. For flue gas 

samples, there were three sampling points in each test: the inlet of the quenching 

tower, the outlet of the quenching tower, and the inlet of the stack. Isokinetic 

sampling was adopted with a 120 to 180 min range. Before flue gas sampling, 13C12-

labled standard (13C12-1,2,3,4-TCDD) was spiked to the XAD-2 resin. After 

sampling, filters and XAD-2 resin were stored and maintained in the dark until 

being transferred to the laboratory for analysis. The sampling recoveries are 

provided in Table 2.4. In test A, three stack gas samples and two parallel samples at 

inlet/outlet of quenching tower were collected. However, the amount of the 
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homogenized raw material prelimited the total experimental duration, and thus, no 

parallel samples were set in test B and test C. To calculate the mass balance, the 

raw material, as well as bottom ash and fly ash in each test were collected every 30 

min until the samples weighed two kg.  

Table 2.4 Sampling recovery (%) of the spiked PCDD/F isomer (13C12-1,2,3,4-

TCDD). 

 Inlet of the quenching 

tower 

Outlet of the quenching 

tower 

Inlet of the stack 

Test A 114 120 108 

Test B 89 124 105 

Test C 118 125 105 

 

2.2.3 Sample Preparation and Chemical Analysis 

Laboratory analysis of PCDD/F was based on U.S. EPA Method 1613. Prior 

to further treatments, all the samples were spiked with stable isotopically labeled 

analogs of the 2,3,7,8-substituded PCDD/Fs. Then, samples were Soxhlet-extracted 

with toluene for 18 hours. After extraction, the rotary evaporator was used to reduce 

the volume of the extracts. Then, the solvent of the concentrated extracts was 

replaced by 14 to 16 mL hexane. For fly ash samples, concentrated sulfuric acid 

was added in the hexane solvents for purification. Next step, the multilayer column 

cleanup included an acidic silica gel column at the top and an aluminum oxide 

column at the bottom, connected in series. Before loading the sample extracts, 15 

mL hexane was used to pre-wash the column. After loading the sample extracts, 6 

mL DCM and hexane mixture (6: 94, V: V) was used to wash interferences away. 

Then, to elute target compounds, 20 mL mixture of DCM and hexane mixture (60: 

40, V: V) was added in the aluminum oxide column. Eventually, the eluted solvents 
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were concentrated through rotary evaporation and transferred to vials. The solvents 

were further concentrated to near dryness with a pressure blowing. Before 

instrument analysis, 13C12-labled PCDD/F recovery standards were spiked into the 

solvents. 

The instrument analysis was conducted with a high-resolution gas 

chromatography (HRGC) coupled with a high-resolution mass spectrometry 

(HRMS) (an Agilent 7693 GC system coupled to a 5977A mass spectrometer). The 

HRGC was equipped with a DB-5MS fused silica capillary column (60 m × 0.25 

mm × 0.25 μm), for the purpose of separating each of the PCDD/F congeners. 

Helium was used as carrier gas. The initial oven temperature was set as 150 °C, 

then increased to 280 °C and maintained for 20 min. The mass spectrometer was 

equipped with an electron ionization (EI) source and the analysis was operated 

under EI+ mode. Selected ion monitoring (SIM) mode was chosen to operate the 

HRMS analysis and the resolution of each congener was made sure > 10,000. The 

electron energy was set at 38 eV and the source temperature were specified at 

280 °C, according to U.S. EPA method 1613.  

2.2.4 Quality Assurance and Quality Control 

In quality assurance and quality control testing, the PCDD/F levels in the 

procedure blank were all at least three times lower than the detection limit. 

Moreover, the credibility of PCDD/F data was verified by adding the internal 

standards mixture, purification standards mixture, and injection standards mixture, 

before the Soxhlet extraction, purification and analysis steps, respectively. The 

recovery rates of each internal standard were between 44.1% and 113.9%, in 

accordance with the required recovery standard of 25% ~ 130% (shown in Table 
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2.5). 

Table 2.5 Analytical recovery of the spiked PCDD/F isomers. 

PCDD Recovery (%) PCDF Recovery (%) 

2378-TCDD 63.6 2378-TCDF 74.2 

12378-PeCDD 44.1 12378-PeCDF 56.5 

123478-HxCDD 67.5 23478-PeCDF 50.5 

123678-HxCDD 103.3 123478-HxCDF 95.3 

123789-HxCDD 91.4 123678-HxCDF 113.9 

1234678-HpCDD 54.7 234678-HxCDF 97.3 

OCDD 49.4 123789-HxCDF 96.3 

—— —— 1234678-HpCDF 62.1 

—— —— 1234789-HpCDF 81.2 

—— —— OCDF 78.3 

 

2.3 Results and Discussion  

2.3.1 PCDD/F Concentrations and Congener Compositions at Different Sampling 

Points 

The PCDD/F levels from three different points of flue gas as well as bottom 

ash and fly ash samples were measured in each test. Figure 2.2 shows the mass and 

I-TEQ concentration of PCDD/F congeners of flue gas samples collected at three 

points. The mass fractions of PCDD/F congeners with the error bar in test A are 

showed in supplementary material Figure 2.3. The total PCDD/F and congener 

concentrations in each sampling point are provided in Table 2.6 - Table 2.9.  
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Figure 2.2 Mass and I-TEQ concentrations of PCDD/F congeners in three flue gas 

sampling points: (a) the inlet of the quenching tower; (b) the outlet of the quenching 

tower; (c) the inlet of the stack. 



59 

 

 

Figure 2.3 Error bar of the PCDD/F congener concentrations in test A. 
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Table 2.6 PCDD/F congener concentrations in flue gas collected in the inlet of the quenching tower. 1 

PCDD/F 

congener 

Test A 
Test B Test C 

Parallel sample 1 Parallel sample 2 

pg/Nm3 
pg I-

TEQ/Nm3 
pg/Nm3 

pg I-

TEQ/Nm3 
pg/Nm3 

pg I-

TEQ/Nm3 
pg/Nm3 pg I-TEQ/Nm3 

2378-TCDD 100 100 130 130 64 64 50 50 

12378-PeCDD 35 17.5 35 17.5 100 50 50 25 

123478-HxCDD 50 5 430 43 50 5 50 5 

123678-HxCDD 35 3.5 410 41 40 4 50 5 

123789-HxCDD 45 4.5 280 28 50 5 50 5 

1234678-

HpCDD 
390 3.9 590 5.9 100 1 100 1 

OCDD 340 0.34 1200 1.2 200 0.2 250 0.25 

2378-TCDF 420 42 190 19 35 3.5 100 10 

12378-PeCDF 370 18.5 250 12.5 25 1.25 50 2.5 

23478-PeCDF 250 125 40 20 30 15 50 25 

123478-HxCDF 320 32 10 1 40 4 50 5 

123678-HxCDF 290 29 280 28 35 3.5 50 5 

234678-HxCDF 50 5 360 36 35 3.5 50 5 

123789-HxCDF 100 10 330 33 45 4.5 100 10 

1234678-

HpCDF 
410 4.1 480 4.8 130 1.3 35 0.35 

1234789-

HpCDF 
100 1 260 2.6 50 0.5 50 0.5 

OCDF 350 0.35 700 0.7 100 0.1 270 0.27 

Total 3655 401.69 5975 424.2 1129 166.35 1405 154.87 
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Table 2.7 PCDD/F congener concentrations in flue gas collected in the outlet of the quenching tower. 2 

PCDD/F 
congener 

Test A 
Test B Test C 

Parallel sample 1 Parallel sample 2 

pg/Nm3 
pg I-

TEQ/Nm3 
pg/Nm3 

pg I-
TEQ/Nm3 

pg/Nm3 
pg I-

TEQ/Nm3 
pg/Nm3 pg I-TEQ/Nm3 

2378-TCDD 6.1 6.1 10 10 10 10 220 220 
12378-PeCDD 18 9 10 5 3 1.5 120 60 

123478-
HxCDD 

11 1.1 10 1 10 1 85 8.5 

123678-
HxCDD 

26 2.6 10 1 5 0.5 340 34 

123789-
HxCDD 

7.4 0.74 10 1 10 1 200 20 

1234678-
HpCDD 

200 2 34 0.34 130 1.3 2700 27 

OCDD 380 0.38 67 0.067 320 0.32 1100 1.1 
2378-TCDF 270 27 81 8.1 47 4.7 2700 270 

12378-PeCDF 180 9 47 2.35 37 1.85 1800 90 
23478-PeCDF 150 75 50 25 36 18 1500 750 

123478-HxCDF 63 6.3 54 5.4 33 3.3 440 44 
123678-HxCDF 65 6.5 37 3.7 31 3.1 450 45 
234678-HxCDF 35 3.5 27 2.7 18 1.8 140 14 
123789-HxCDF 32 3.2 25 2.5 3.5 0.35 200 20 

1234678-
HpCDF 

65 0.65 9.7 0.097 65 0.65 240 2.4 

1234789-
HpCDF 

21 0.21 25 0.25 5 0.05 84 0.84 

OCDF 18 0.018 50 0.05 50 0.05 40 0.04 
Total 1547.5 153.298 556.7 68.554 813.5 49.47 12359 1606.88 

  3 
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Table 2.8 PCDD/F congener concentrations in flue gas collected in the inlet of the stack. 

PCDD/F congener 

Test A 
Test B Test C 

Parallel sample 1 Parallel sample 2 Parallel sample 3 

pg 

/Nm3 

pg I-TEQ 

/Nm3 

pg 

/Nm3 

pg I-TEQ 

/Nm3 

pg 

/Nm3 

pg I-TEQ 

/Nm3 

pg 

/Nm3 

pg I-TEQ 

/Nm3 

pg 

/Nm3 

pg I-TEQ 

/Nm3 

2378-TCDD 5 5 5 5 5 5 170 170 290 290 

12378-PeCDD 4 2 4 2 10 5 190 95 250 125 

123478-HxCDD 10 1 6.3 0.63 18 1.8 270 27 130 13 

123678-HxCDD 10 1 5.2 0.52 18 1.8 470 47 290 29 

123789-HxCDD 15 1.5 2.5 0.25 12 1.2 250 25 140 14 

1234678-HpCDD 43 0.43 8 0.08 77 0.77 1700 17 1000 10 

OCDD 63 0.063 10 0.01 60 0.06 2100 2.1 910 0.91 

2378-TCDF 5.4 0.54 1.5 0.15 9.9 0.99 410 41 550 55 

12378-PeCDF 3 0.15 1.5 0.075 8.9 0.445 190 9.5 220 11 

23478-PeCDF 8.6 4.3 2 1 17 8.5 430 215 440 220 

123478-HxCDF 11 1.1 2.5 0.25 16 1.6 280 28 230 23 

123678-HxCDF 4 0.4 2 0.2 13 1.3 190 19 190 19 

234678-HxCDF 11 1.1 2 0.2 15 1.5 140 14 130 13 

123789-HxCDF 10 1 2.5 0.25 3.5 0.35 29 2.9 27 2.7 

1234678-HpCDF 5 0.05 5.3 0.053 31 0.31 720 7.2 380 3.8 

1234789-HpCDF 10 0.1 3 0.03 2.5 0.025 21 0.21 20 0.2 

OCDF 62 0.062 4.5 0.0045 14 0.014 130 0.13 74 0.074 

Total 280 19.795 67.8 10.7025 330.8 30.664 7690 720.04 5271 829.684 
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Table 2.9 PCDD/F congener concentrations in the raw material, bottom ash, and fly ash. 

PCDD/F 
congener 

Raw material 
Bottom ash Fly ash 

Test A Test B Test C Test A Test B Test C 
pg/ 
Nm3 

pg I-TEQ 
/Nm3 

pg/ 
Nm3 

pg I-TEQ 
/Nm3 

pg 
/Nm3 

pg I-TEQ 
/Nm3 

pg/ 
Nm3 

pg I-TEQ 
/Nm3 

pg/ 
Nm3 

pg I-TEQ 
/Nm3 

pg/ 
Nm3 

pg I-TEQ 
/Nm3 

pg  
/Nm3 

pg I-TEQ 
/Nm3 

2378-
TCDD 

1.5 1.5 0.87 0.87 1.2 1.2 0.3 0.3 2.5 2.5 4 4 10 10 

12378-
PeCDD 6.1 3.05 1.1 0.55 0.93 0.465 0.96 0.48 19 9.5 16 8 13 6.5 

123478-
HxCDD 

2.5 0.25 0.72 0.072 0.3 0.03 0.3 0.03 16 1.6 36 3.6 19 1.9 

123678-
HxCDD 

2 0.2 0.66 0.066 0.25 0.025 0.2 0.02 22 2.2 36 3.6 46 4.6 

123789-
HxCDD 7 0.7 1.4 0.14 0.3 0.03 0.25 0.025 9.6 0.96 29 2.9 39 3.9 

1234678-
HpCDD 

10 0.1 1.5 0.015 0.5 0.005 1.7 0.017 110 1.1 370 3.7 310 3.1 

 
OCDD 

20 0.02 1.5 0.0015 2.8 0.0028 1 0.001 160 0.16 650 0.65 1 0.001 

2378-
TCDF 220 22 49 4.9 67 6.7 67 6.7 17 1.7 26 2.6 27 2.7 

12378-
PeCDF 

2.8 0.14 28 1.4 35 1.75 27 1.35 21 1.05 29 1.45 40 2 

23478-
PeCDF 

1 0.5 28 14 35 17.5 25 12.5 31 15.5 33 16.5 53 26.5 

123478-
HxCDF 1 0.1 9.2 0.92 10 1 6.4 0.64 23 2.3 47 4.7 43 4.3 

123678-
HxCDF 

7.3 0.73 11 1.1 10 1 6.8 0.68 27 2.7 38 3.8 49 4.9 

234678-
HxCDF 

5.5 0.55 6.3 0.63 4.3 0.43 3.4 0.34 22 2.2 52 5.2 14 1.4 

123789-
HxCDF 3.1 0.31 3.7 0.37 2.6 0.26 1.8 0.18 3 0.3 7.7 0.77 3 0.3 

1234678-
HpCDF 

15 0.15 8.6 0.086 5.9 0.059 2.2 0.022 57 0.57 350 3.5 140 1.4 

1234789-
HpCDF 

10 0.1 1.2 0.012 0.35 0.0035 1.3 0.013 12 0.12 40 0.4 13 0.13 

 
OCDF 19 0.019 2.4 0.0024 4.7 0.0047 2 0.002 69 0.069 83 0.083 29 0.029 

Total 333.8 30.4 155.2 25.1 181.1 30.5 147.6 23.3 621.1 44.5 1846.7 65.5 849 73.7 
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The flue gases at the inlet and outlet of the quenching tower were sampled to 

investigate the formation of PCDD/Fs before and after the quenching tower. The 

PCDD/F mass concentrations at the inlet of the quenching tower were 4.82, 1.13, 

and 1.41 ng/Nm3, respectively in test A, B, and C, and the corresponding I-TEQ 

concentrations were 0.41, 0.17, and 0.15 ng I-TEQ/Nm3, respectively. It can be 

observed that the highest PCDD/F level was in test A, which indicates that in the 

post combustion stage, test A generated the greatest amount of PCDD/Fs compared 

to tests Band C. After the quenching tower, PCDD/F concentrations in flue gas 

decreased in test A and test B. However, in test C, PCDD/F levels rose sharply (from 

0.15 to 1.61 ng I-TEQ/Nm3), which suggested that large amount of PCDD/Fs were 

formed in the quenching tower in this test. This result demonstrates that under 

conditions where the feed contains high levels of chlorobenzenes, the quenching 

tower fails to control the formation of PCDD/Fs. Detailed PCDD/F formation 

mechanisms will be discussed in section 2.3.3. 

Apart from the quenching tower section, flue gas samples at the inlet of the 

stack were collected, representing the atmospheric emissions. In this study, the 

average I-TEQ emission levels measured in test A (0.02 ng I-TEQ/Nm3) was 

significantly lower than levels in test B (0.72 ng I-TEQ/Nm3) and test C (0.83 ng I-

TEQ/Nm3). The national emission limit for HW incinerators in China is 0.5 ng I-

TEQ/Nm3. For test A, the atmospheric emissions of PCDD/Fs meet the EU limit, 

while in test B and test C, the emissions are in excess the national limit of China. 

As mentioned above, a thorough cleaning was conducted in the APCDs before the 

tests began, and thus the removal efficiency of bag filter in test A was under a 

relatively optimal condition. Meanwhile, under circumstance where the APCDs 

were clean, fewer particles with PCDD/Fs absorbed into were existing in the flow 
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line, resulting in less memory effect of PCDD/Fs [168-171]. These may explain the 

low PCDD/F emission levels in test A, and indicate that low-temperature precursor 

reaction could be the major contributor for high PCDD/F emissions in test B and C. 

Similar results were observed in a study conducted at a secondary aluminum casting 

plant, that after changing a new fabric filter, the PCDD/F TEQ concentrations in the 

stack gas were decreased by one order of magnitude (from 36 to 2.74 ng I-TEQ/Nm3) 

[172]. Therefore, regular maintenance and cleaning of APCDs to remove 

accumulated fly ash are of great importance to control for PCDD/F emissions. 

In this study, PCDD/F emissions in test B and test C are higher than most of 

the HW incinerators studied in China [33, 159]. This may be due to the combined 

effect of high-phenolic and high-organochlorine contents in feed materials, as well 

as the memory effect in the APCDs. However, Li et al. (2018) found higher PCDD/F 

emissions at an HW incinerator operating under normal condition (1.35 ng I-

TEQ/Nm3) [167]. In that study, the chlorine content reached to 4%, which might 

explain the higher emission levels. Apart from the incineration of hazardous waste, 

Bai et al. (2017) measured the atmospheric emissions of PCDD/Fs from two 

woodchip incinerators in Taiwan (1.0 ng I-TEQ/Nm3 and 0.09 ng I-TEQ/Nm3, 

respectively) [173], which are comparable with PCDD/F levels observed in this 

research.  

2.3.2 PCDD/F Congener Profile 

The congener composition pattern has been extensively applied in analyzing 

the formation mechanism and transport behavior, as well as identifying the sources 

in the environmental samples [174]. In this study, the PCDD to PCDF ratios and 

congener compositions of flue gas from each test are shown in Figure 2.4. For 



66 

 

samples collected from the quenching tower inlet, the congener compositions in 

three tests were similar, and the most abundant congeners were highly chlorinated 

PCDD/Fs. It is reasonable because in the high-temperature stage, there is only one 

pathway of PCDD/F formation, homogeneous radical-molecule reaction. 

 

Figure 2.4 Total PCDD and PCDF mass concentrations (a) and congener 

compositions (b) of flue gas samples in three sampling points. 

 

For test A which the PCDD/F levels were the highest at this sampling point 

(e.g. Fig 2.4(a)), the major congeners were OCDD (16%), OCDF (11%), HpCDD 

(10%), and 1,2,3,4,6,7,8-HpCDF (9%). However, at the outlet of the quenching 

tower, each test showed different PCDD/F congener profile patterns. In test C 

(highest PCDD/F levels among the three tests), the ranking of the most abundant 

congeners was: TCDF = HpCDD (22%) > 1,2,3,7,8-PeCDF (15%) > 2,3,4,7,8-

PeCDF (12%) > OCDD (9%), which were low-chlorinated PCDFs and high-

chlorinated PCDDs. This distribution pattern was similar to test A. However, in test 

B, the congener compositions were largely different, which OCDD contributed 

about 40% of the total PCDD/Fs. The discrepancy between test B and tests A and 

C implies that different formation pathways exist in the quenching tower with 

chlorine content in raw feed fluctuating. For samples collected at the inlet of the 

stack, the congener distribution patterns of tests B and C were similar, as OCDD, 
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HpCDD, and HpCDF were the major contributors in both tests. The only difference 

was that in test C, low-chlorinated PCDFs took higher proportions. In test A, the 

most abundant contributors were OCDD, HpCDD, and OCDF. It is worth noting 

that the congener profiles between samples collected at the quenching tower outlet 

and the stack inlet were largely different. This implies that PCDD/F could be 

formed in the exhaust gas clean-up stage because of the memory effect [175, 176]. 

The formation mechanisms were further described in section 3.3. The observation 

that high-chlorinated PCDD/Fs took high fractions in stack gas was in accordance 

with emission congener patterns in MSWIs and other HW incinerators [33, 159, 

177, 178]. In addition, the high compositions of PCDFs in stack gas of test C were 

also found in the woodchip incinerators and a HW incinerator [167, 173].  

For congener profiles in fly ash, the three tests exhibit certain similarities, that 

high-chlorinated PCDD/Fs predominant the major fractions. With the addition of 

naphthalene (test A), the most abundant PCDD/F contributors were OCDD, 

HpCDD, OCDF and HpCDF, while in the control group (test B), the compositions 

of PCDDs were higher with levels following the ranking: OCDD > HpCDD > 

HpCDF. Different from above profiles, with the addition of p-dichlorobenzene (test 

C), the most abundant congener, HpCDD composed approximately 37% of the total 

PCDD/Fs (mass concentration), followed by HpCDF. For test A and test B, the 

congener profiles were similar between stack gas and fly ash samples. However, 

this similarity was not be observed in test C. That could be because fly ash samples 

contained a mixture of old and new particles. For bottom ash samples, the congener 

profiles were different from the fly ash samples. Among three tests, the predominant 

congeners were low-chlorinated PCDFs (mainly TCDF and PeCDFs). This implies 

that PCDD/Fs in bottom ash and fly ash were formed through different formation 
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pathways, which is reasonable because the temperature zones of bottom ash 

(approximately 900℃) and fly ash (220~160℃) generated are different. 

2.3.3 Formation Mechanisms of PCDD/Fs with the Addition of Precursors 

As mentioned above, the PCDD/F congener profiles and the PCDD to PCDF 

ratio could reflect their formation pathways. In different temperature ranges, the 

formation mechanism of PCDD/Fs varies. In this research, three different sampling 

points were designed to investigate the formation mechanisms in the post 

combustion stage, the gas-quenching stage, and the gas clean-up stage. 

First, for flue gas samples collected at the inlet of the quenching tower, the 

highest PCDD/F concentrations occurred in test A, with a PCDD/PCDF < 1 ratio. 

Flue gas temperature at the inlet of the quenching tower was around 515°C. At this 

sampling point, flue gas just passed the post combustion zone (600 ~ 1100°C), 

where the various types of gas phase radical-molecule reactions occurred [179]. 

Molecules destructed in the second combustion chamber are recombined into 

aromatic compounds such as chlorinated phenols, chlorinated benzenes, and 

polychlorinated biphenyls [91], [92]. For test A and test C, intentionally added 

naphthalene, p-dichlorobenzene, and CCl4 were first destructed in the second 

combustion chamber (> 1100°C, two seconds). Then, in the post combustion stage, 

the decomposed structures were resynthesized to form chlorobenzenes, 

chlorophenols and their radicals as precursors in radical-molecule reactions to form 

PCDD/Fs [95]. The detailed PCDD/F formation pathways in this stage are 

illustrated in Figure 2.5 (a) and (b).  
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 1 
Figure 2.5 Formation of PCDD/Fs through (a) & (b) high-temperature radical-molecule reactions and (c) & (d) low-temperature 2 

surface-mediated precursor reaction. 3 
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In test A, compared to p-dichlorobenzene, naphthalene with a two aromatic-

ring structure is more difficult to be completely destroyed. The incomplete 

destruction may accelerate the recombination speed of chlorinated phenols and 

chlorinated benzenes in test A. In addition, for equiponderant naphthalene and p-

dichlorobenzene, two-ring naphthalene provides more primary aromatic structures 

than one-ring p-dichlorobenzene. On the other hand, the addition of p-

dichlorobenzene in test C directly offered abundant PCDD/F precursors. Although 

the chlorobenzene structures might be de-structured in the secondary combustion 

chamber, in the post combustion zone, they are more likely to be resynthesized 

compared to naphthalene. Previous modeling study suggested that with the 

abundance of chlorinated benzenes in the feed materials, more PCDF will be 

formed because chlorobenzenes could inhibit the competitive reactions during the 

formation of PCDFs [95]. The formation mechanism belongs to the category of 

surface-mediated precursor reaction, which will be explained in the following part 

(Eley-Rideal reaction). According to our observations, in the quenching tower of 

test C, a mass of PCDD/Fs were formed within one second. This implies that the 

dominant formation mechanism is surface-mediated precursor reaction, rather than 

the traditionally-deemed de novo synthesis. With adding p-dichlorobenzene in test 

C, the modeling study is verified in the full-scale incinerator that with the 

abundance of PCDD/F precursors, the surface-mediated precursor reaction is the 

dominant PCDD/F formation pathway. Yet, for the control group (test B), since 

there was no intentional addition of POHCs in the raw material, the concentration 

levels of the PCDD/F precursors are relatively low in the post combustion stage. In 

consideration of the above two points, more PCDD/F precursors were regenerated 

in the chemistry-rich atmosphere of test A. These precursor chemicals were 
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subsequently involved in the radical-molecular reactions to form PCDD/Fs in the 

high-temperature range (> 500°C). This explained the high yield of PCDD/Fs at the 

inlet of the quenching tower in test A. Moreover, with the abundance of Cl● from 

CCl4, more chlorinated benzenes could be resynthesized than chlorinated phenols. 

A high level of chlorobenzene might result in the preferred formation of PCDFs 

[109]. 

Second, downstream of the post combustion zone, a rapid quenching of the 

flue gas happens with the spray of water (from 500°C to 200°C within one second). 

In such a short period of time, the PCDD/F TEQ levels in test C increased one order 

of magnitude, and the yield of ∑PCDFs was higher than ∑PCDDs. The formation 

speed through surface-mediated precursor reaction is approximately 100 times 

faster than through de novo synthesis. The fast PCDD/F yield indicates that the 

surface-mediated precursor reaction is the dominant formation mechanism when 

the hazardous waste raw martial contains high compositions of organochlorine and 

transition metals. In this research, the intentional addition of metallic oxides, 

especially Cu(II)O served as effective catalysts. Abundant metallic oxides condense 

on the surface of the particles, offering electrons and reaction sites for PCDD/F 

precursors. Moreover, the intentional addition of p-dichlorobenzene and CCl4 in 

test C resulted in large numbers of chlorinated benzenes reformed in the post 

combustion and cooling zones. The surface-mediated formation pathways of 

PCDD/Fs were briefly illustrated in Figure 2.5 (c) and (d). In test B, a much lower 

chlorine content in raw feed led to relatively more phenolic compounds being 

formed during the recombination. It was reported that in the presence of gas phase 

chlorophenols, there are two competitive reactions occurring: (1). the Eley-Rideal 

(E-R) reaction, which a surface radical reacts with a gas-phase chlorophenol to form 
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dichlorohydroxy biphenyl ethers; (2). the Langmuir-Hinshelwood (L-H) reaction, 

which is the surface recombination of two radicals to form PCDFs [29, 95]. With 

the presence of 1,2-Dichlorobenzene, the E-R reaction was not observed, which 

increased the formation of PCDFs through L-H reaction. In this study, the formation 

of chlorinated benzenes in test C were considered much higher than in test B. As a 

result, with the abundance of chlorinated benzenes, the formation of PCDFs through 

the L-H mechanism could lead to a higher PCDF yield than PCDD in test C.  

Third, passing through the quenching tower, flue gas enters the exhaust gas 

cleaning system. Comparing the congener profiles of PCDD/F measured at the inlet 

of the stack, it can be found that the fractions of PCDDs were all larger than PCDFs 

among three tests. In addition, the congener compositions in the stack gas were 

significantly different from those at the outlet of the quenching tower. These results 

suggest that PCDD/Fs in the stack gas might not only attributed to the adsorptive 

memory effect. It has been reported that the PCDD/Fs are possible to be formed in 

APCDs, especially with the abundance of precursors such as chlorinated benzenes 

and chlorinated phenols [173, 180]. Before the test, the exhaust gas cleaning system 

was thoroughly cleaned, and test A was conducted under relatively optimal 

conditions with regards to emission controls. Thus, concentration of PCDD/F 

precursors in the APCDs might be at a low level. As the experiment went on, 

PCDD/Fs on fly ash, as well as gaseous precursors such as chlorinated phenols and 

chlorinated benzenes, started to accumulate in the APCDs. Flue gas with low 

PCDD/F concentrations (test B) could desorb PCDD/Fs previously absorbed on 

ACP, which is known as adsorptive memory effect. Besides, the injection rate of 

ACP might be superfluous (20 kg/h). As a possible consequence, the thickness of 

the dust layer increased and resulted in ACP passing through the bag filter. At the 



73 

 

same time precursors in APCDs could continue reacting with transition metals on 

soot, forming PCDD/Fs. The memory effect, over injection of ACP, and 

heterogenous precursor condensation reaction jointly explain the high PCDD/F 

levels in the stack gas samples of tests B and C. It is worth mentioning that in test 

C, before APCDs, PCDD/PCDF < 1, whereas after APCDs, PCDD/PCDF > 1. The 

different ratios imply that in test C, there might be PCDD/Fs formed in test B 

passing through the bag filter and entering the stack. 

2.3.4 Mass Balance and Emission Factors of PCDD/Fs from the Hazardous Waste 

To quantify the input, output, and net emission of PCDD/Fs in the incineration 

of hazardous waste, the mass balance is calculated based on the parameters used 

during actual operation. The output rates of bottom ash and fly ash are 221 kg/h and 

69 kg/h, respectively, and the average flow rate of the stack gas is 14,626 Nm3/h. 

The annual operating days of the plant averaged 330 days a year, which accounts 

for plant maintenance. The calculated mass balance of input, output, and net 

emissions in each test is shown in Table 2.10. 
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Table 2.10 Mass balance of PCDD/Fs during the hazardous waste incineration. 

 PCDD 

(μg/h) 

PCDF 

(μg/h) 

Total 

PCDD/F 

(μg/h) 

I-TEQ total PCDD/F 

(μg I-TEQ/h) 

PCDFs: 

PCDDs 

Input:  

hazardous waste 

 

51.74 

 

300.2 

 

351.76 

 

32.06 

 

5.80 

Output: 

test 

A 

Stack gas 1.91 1.40 3.31 0.30 

Total 

9.12 

Net  

-

22.94 

0.73 

Fly ash 23.84 19.83 43.67 3.13 0.83 

Bottom ash 1.75 33.36 35.11 5.69 19.02 

Intermediate process 

Before QT 5.27 11.76 17.03 3.45 2.23 

After QT 

 

3.89 6.35 10.24 1.08 1.63 

test 

B 

Stack gas 75.32 37.15 112.47 10.53 
Total 

22.02 

Net  

-

10.04 

0.49 

Fly ash 80.22 49.62 129.83 4.60 0.62 

Bottom ash 1.42 39.56 40.98 6.89 27.83 

Intermediate process 

Before QT 5.04 4.38 9.42 1.39 0.87 

After QT 

 

4.75 3.17 7.29 0.482 0.67 

test 

C 

Stack gas 44.02 33.07 77.09 12.13 
Total 

22.58 

Net 

-9.48 

0.75 

Fly ash 30.80 28.90 59.69 5.18 0.94 

Bottom ash 1.06 32.33 33.40 5.27 30.39 

Intermediate process 

Before QT 5.01 6.72 11.73 1.29 1.34 

After QT 43.40 73.94 117.34 15.65 1.70 

 

Under the conditions of test A, the PCDD/Fs in the raw material are reduced 

with a -22.94 μg I-TEQ/h (-181 mg I-TEQ/yr) net emission. For test B and test C, 

due to the higher concentrations in the stack gas, the net emissions increased to -

10.04 and -9.48 μg I-TEQ/h (-80 and -75 mg I-TEQ/yr), respectively. The negative 

net emissions show that PCDD/Fs being destroyed are more than being formed in 

the HW incinerator. This finding is in accordance with a study that found rotary kiln 
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incinerating hazardous waste was the sink of PCDD/Fs [181]. However, different 

from HW incinerators, the mass balance of MSW incinerators were reported with 

positive net emissions [108, 181].  

Bottom ash, fly ash, and stack gas are the three contributors to total PCDD/Fs 

output. With the tremendous difference of PCDD/F levels in the stack gas between 

tests A, B, and C, the proportion of each PCDD/F contributor also differs in each 

test (cf. Figure 2.6). In test A, bottom ash constitutes 62.4% of the total PCDD/Fs 

output, whereas the emission from stack takes a minor proportion (3.3%). Fly ash 

contributes the remaining 34.3% of PCDD/F output. In test B and test C, the stack 

gas contributed a higher share of total PCDD/F output, as the increase of the 

PCDD/F concentrations in gas emission. Subsequently, the contributing ratios of 

bottom ash and fly ash decrease. These proportion distributions are different from 

the normal waste incinerations. Generally, the ACP-coupled big filter could remove 

over 90% of PCDD/Fs into fly ash, and PCDD/Fs emitted from the stack only 

contribute approximately 1% [108, 159]. Possible causes of the low PCDD/F 

removal efficiency are: (1) poor adsorption efficiency of the ACP used in this HW 

incinerator; (2) excessive injection of ACP which might pass through the bag filter, 

resulting in the high PCDD/F concentrations in the stack gas. Thus, better quality 

ACP are recommended to adsorb more PCDD/Fs, and the inject rate of ACP should 

be optimized to find a more efficient and economical solution. 
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Figure 2.6 Output fractions of PCDD/Fs in the investigated HW incinerator: percent 

(%) is the proportion of individual output to the total output. 
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To estimate the atmospheric emission of PCDD/Fs from this HW incinerator, 

the stack gas emission factor was calculated. In test A, B, and C, the atmospheric 

emission factors are 0.27, 9.99, 11.22 μg I-TEQ/t, respectively. These results are 

comparable with a study investigating the PCDD/F emissions of two woodchip 

incinerators in Taiwan. In that study, the emission factors of two plants were 17.86 

and 1.25 μg I-TEQ/t, respectively. In addition, Wang et al. estimated the emission 

factors of 12 HW incinerators in China[33]. The results were in the ranged of 0.27 

to 17.73 μg I-TEQ/t and averaged at 3.74 μg I-TEQ/t. The emission factors of HW 

incinerators are generally higher than MWIs. In an investigation on PCDD/F 

emissions of 10 MSWIs in Taiwan, the emission factors ranged from 0.048 to 0.187 

μg I-TEQ/t, with an average of 0.094 μg I-TEQ/t. Assuming the capacity of a MSWI 

is 1000 tons a day, the annual atmospheric emission is estimated as 34 mg I-TEQ 

per year. In this study, 12.09 μg I-TEQ/t (test B) is chosen to represent the actual 

operating emission. With an annual capacity of 10,000 tons, the HW incinerator 

emits 121 mg I-TEQ PCDD/Fs to the ambient air every year, which is nearly three 

times higher than a medium-sized MSWI. 

 

2.4 Conclusions 

In this study, the formation mechanisms, emission characteristics (mass and 

TEQ concentrations), and mass balances of PCDD/Fs in a full-scale HW incinerator 

were investigated with adding different PCDD/F precursors in phenol-containing 

raw materials. The results showed that in test A, a clean condition of APCDs 

contributed to the low PCDD/F emission levels (averagely 0.02 ng I-TEQ/Nm3), in 

spite of adding naphthalene and catalytic metals. However, as the experiments went 
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on, PCDD/Fs were absorbed into ACP, and these particles accumulated in the 

APCDs progressively, contributing to considerably elevated PCDD/F emission 

levels in tests B and C (0.72 and 0.83 ng I-TEQ/Nm3, respectively). In addition, 

with adding p-chlorobenzene in test B, the fast surface-mediated precursor reaction 

occurred in the quenching tower, indicating that PCDD/F suppression in rapid 

cooling zone might lose efficacy under the abundance of gaseous PCDD/F 

precursors. Results of mass balance showed that the amount of PCDD/Fs destructed 

during incinerating were larger than generated in all of these three tests, which 

demonstrated that the HW incinerator is a harmless disposing sink of PCDD/Fs 

rather than a source. Yet, to minimize PCDD/F emissions, a series of suggestions 

are necessary for hazardous waste incineration industry based on the practical 

operating conditions. 

In addition, it is worth to clarify that all of the findings and emission control 

strategies obtained in this study are only applicable for hazardous waste industry, 

instead of the general waste incineration processes.  
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Chapter 3  

FORMATION PATHWAYS OF PRIMARY PARTICLES AND 

PARTITIONING OF HEAVY METALS: A CASE STUDY IN A 

HAZARDOUS WASTE INCINERATOR 

3.1 Introduction 

The immaturities in China’s hazardous waste incineration industry not only 

reflect on excessive PCDD/F emissions, but also exist in heavy metal and particle 

emissions. For example, the unsound waste sorting system might result in 

substances inappropriate (e.g. volatile heavy metals and transition metals) for 

incineration entering HW incinerators [182, 183]. Apart from that, incomplete 

combustion and deficiency of air pollution control devices could lead to severe 

secondary pollution issues [32, 184].  

Although the contribution of pollutant emissions from hazardous waste 

incinerators normally only accounts for a small proportion to the local air pollution, 

high levels of secondary pollution such as heavy metals and PCDD/Fs in exhaust 

gas might pose health risks for the surrounding populations [185-188]. In China’s 

current pollution control standard, the supreme permissible emission concentrations 

of flue dust for hazardous waste incinerators range from 65 to 100 mg/m3 

(GB18484-2001) [189]. However, in Europe, this emission limit is 10 mg/m3; for 

cement plants co-processing waste, the emission limit for dust is 30 mg/m3 [190]. 

The comparison indicates that there is enormous space for improvements on 

dedusting efficiency in hazardous waste incineration facilities in China, and more 

strict standards are urgently needed. In addition, in the process of discharging and 
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collecting fly ash and bottom ash in a HW incinerator, particles could dispersed out, 

bringing occupational exposure risks for workers [191-193]. Thus, understanding 

on the characteristics of pollutants emitted, as well as morphologies and 

compositions of particles in the indoor air of incineration facilities are critical from 

identifying the potential health risks posing by hazardous waste incineration 

industry. 

Specific industries such as steel making, nonferrous metal smelting, and 

electroplating produce large amounts of hazardous waste with high levels of heavy 

metals. Due to the mobility, bioaccumulation, and bio-refractory properties of toxic 

heavy metals released from thermal-related processes, controlling and minimizing 

their emissions is an important subject for both of the industrial managers and 

scientists. Understanding the partitioning characteristics of heavy metals in a 

hazardous waste incinerator, not only can provide information on the heavy metal 

abatement capacity of the flue gas cleaning system, but also helps design the 

pollution control strategy in a more accurate way towards certain types of metal 

pollutants. In the previous studies, the typical procedure adopted is collecting flue 

gas and solid residue samples, and then comparing the difference of metal 

concentrations among them. Although this type of research used similar 

investigation methods, discrepancies of the heavy metal partitioning characteristics 

were ubiquitously existed among different studies [84, 117, 118, 182]. The physical 

and chemical properties of feeding materials, the operating conditions of the studied 

incinerator (e.g. temperature, residence time, and mixing condition), as well as the 

design of flue gas cleaning systems have been identified as three important factors 

to affect the behaviors and distributions of metals in the incineration system [117, 

119]. Thus, it is relatively difficult to draw firm conclusions on the partitioning 
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pattern of heavy metals during incineration. TEM coupled with EDS could bring 

new perspectives by directly providing the microscope information on the 

morphologies and element compositions of particles. In recent years, TEM based 

single particle imaging study has been widely applied in characterizing the 

morphologies and tracing back the sources of regional airborne particles [86, 194, 

195]. Several studies also applied this technology to investigate primary particles 

emitted from coal and biomass burning, as well as gasoline/diesel engine rotating 

[196-199]. However, to the best of our knowledge, there is no TEM-based 

morphology study on primary particles generated in waste incineration process so 

far.  

In this study, the heavy metal concentrations in waste raw material, fly ash, 

and bottom ash were measured for the partitioning behavior study in a HW 

incinerator. To evaluate the emission levels, the exhaust gas samples were collected 

for analyzing the concentrations of regular-monitoring pollutants, heavy metals, 

and PCDD/Fs. In addition, single particles in the indoor air of the HW incinerator, 

and particles in the flue gases were collected for characterizing their morphologies 

and element compositions. The objectives of this study are: (1) to study the element 

transfer behaviors, especially heavy metals during the hazardous waste incineration 

process; (2) to investigate the pollution emission characteristics and metal 

concentrations in the bottom ash and fly ash; (3) to understand the morphologies 

and element compositions of the single particles in the indoor air of the incinerator 

and particles along the flue gas. Ultimately, this study aims at providing a 

comprehensive understanding for secondary pollution control, particle source 

characterization, as well as potential occupational exposure risks of the hazardous 

waste incineration industry. 
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3.2 Materials and Methods 

3.2.1 Sampling Site Description 

The hazardous waste incinerator in this field study is the same one as Chapter 

2, which located in Lianyungang, Jiangsu Province of China. The schematic 

diagram of the hazardous waste incinerator and sampling sites are provided in 

Figure 3.1. During the sampling period, hazardous waste materials were firstly 

blended, and then were entered into the counter-flow rotary kiln with a feeding rate 

of 1054 kg/h, approximately. The hazardous raw materials used during this study 

were a homogenized mixture of phenolic waste (58%), woodchips with high levels 

of chlorine and metals (26%), and electroplating sludge (16%), and the detailed 

results of the proximate and ultimate analysis of the homogenized raw material are 

provided in the Table 3.1. 

 

Figure 3.1 Schematic diagram and sampling sites of the hazardous waste incinerator. 
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Table 3.1 The proximate and ultimate analysis of the homogenized hazardous 

wastes. 

Proximate analysis 
Elemental analysis 

(wt %) 

Heavy metals 

(mg/kg) 

Moisture content (wt %) 40.63 C 34.88 Cu 6.71 

Ash (wt %) 22.65 H 4.44 Hg 0.059 

Volatile matter (wt %) 32.86 N 0.97 Pb < 2.1 

Fixed carbon (wt %) 3.86 S < 0.05 Zn 233 

Low calorific value (kJ/kg) 1.10×104 Cl 2.21 Cr 36 

  O 11.27 Ni 2.08×103 

 

To ensure the complete decomposition of organic hazardous substances, a 

second combustion chamber with higher temperatures (>1100°C), long residence 

time (> 2s), and abundant oxygen (excess air coefficient > 1.5) is equipped after the 

rotary kiln [200]. The combustion conditions are provided in Table 3.2. After the 

second combustion, the flue gas is cooled by a heat exchange boiler from 1100°C 

to 600°C. The following air pollution control devices include a quenching tower to 

rapidly cool down the temperature of flue gas, a dry scrubber with adding NaHCO3 

to remove acidic gases, an activated carbon injector to absorb gaseous pollutants, a 

bag filter to remove dust, and a wet scrubber with adding NaOH to ensure acidic 

gases meet the emission limits. The detailed operating parameters, injection rates 

of NaHCO3, NaOH, and activated carbon powder have been provided in the last 

chapter [32]. It is worth mentioning that the average production rates of bottom ash 

and fly ash are 221 kg/h and 69 kg/h, respectively. 
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Table 3.2 Combustion conditions of the hazardous waste incinerator. 

Operating Conditions  

Annual capacity (t/yr) 10,000 

Operation (h/d) 24 

Production of fly ash (t/yr) 650 

Production of bottom ash (t/yr) 2100 

Flue gas per unit (Nm3 h-1) 15154 

Hazardous waste flow rate (t h-1) 1.25 

Middle temp. of furnace (°C) 900 

Exit temp. of second furnace (°C) 1100 

Exit temp. of boiler (°C) 770 

Exit temp. of cyclone (°C) 550 

Exit temp. of quench tower (°C) 200 

Exit temp. of bag filter (°C) 180 

 

As Figure 3.1 shows, flue gas particle samples were collected at two sites: #

① in the outlet of the quenching tower, and #② in the inlet of the stack. The 

particle samples were collected by the quartz filter thimbles (Whatman, 2812-259) 

with the isokinetic sampling for 45 min. The sampling was based on the China’s 

national standard of determination of particulates and sampling methods of gaseous 

pollutants emitted from exhaust gas of stationary sources (GB/T 16157-1996). The 

sampling was conducted through an automatic smoke and dust comprehensive 

tester (ZR3260). For single particles in the indoor air, one was collected beside the 

exit of fly ash collector (#③), and the other was collected beside the exit of bottom 

ash collector (#④). According to our observation, the leaking during the solid 

residue collection resulting in high particle levels surrounding these two sites. This 

observation is in accordance with a previous study on occupational exposure [193]. 

Samples were collected on the grids coated with carbon film (carbon type B, 300-
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mesh copper, Tianld Co., China) through a single-stage cascade impactors (DKL-2, 

Qingdao Kingstar Instruments Co., Ltd. Qingdao, China) with a 0.5 mm diameter 

jet nozzle at a flow rate of 1 L/min. The sampling period lasted for 40 to 50 second 

for each sample. Apart from particle samples, homogenized hazardous waste raw 

material, bottom ash and fly ash were collected as Figure 3.1. (#⑤, #⑥, and #⑦) 

shows. After the sampling of flue gas particles in the inlet of the stack, isokinetic 

sampling was continued to collect pollutants emitting from the stack. The sampling 

procedures were in accordance with the national standard methods mentioned 

above (GB/T 16157-1996). Briefly, the flue gas sample was withdrawn 

isokinetically from the inlet of the stack, particulate emissions were collected in the 

probe and on a heated filter, and gaseous emissions were then collected in an 

aqueous acidic solution of hydrogen peroxide (analyzed for all metals except Hg) 

and an aqueous acidic solution of potassium permanganate (analyzed only for Hg). 

3.2.2 Morphology and Composition Analysis of Single Particles 

For indoor single particle samples, the morphology and composition 

information can be directly provided through the TEM-EDS imaging. While for 

flue gas particles collected by the quartz filter thimbles, the sample pretreatment 

procedure is provided as following: first, cutout one-eighth of the cartridge filter 

and cut it into spindly pieces; then, put them in to a glass tube and add 5ml deionized 

water, ultrasonically vibrate the tube for 10 mins; last, collect the dispersed particles 

using the formvar stabilized carbon support film [201]. The morphology and 

elemental compositions of single particles was analyzed by TEM (F200, Talos, US) 

equipped with EDS (F200, Talos, US). For the water-soluble ionic species, a quarter 

of each filter thimble was cut into strips and placed into a 50 mL polypropylene 
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centrifugal tube with adding 35 mL ultrapure water. The ultrasonic extracting 

process lasted for 30 min under 0 °C, and then fibers in the solution were removed 

through a 0.45-μm diameter micro-porous paper by vacuum filtering. About 20 mL 

of the solution was used for analyzing inorganic ions (Na+, K+, Ca2+, Mg2+, NH4
+, 

F−, Cl−, NO3
−, SO4

2−, and PO4
3−) using an ion chromatography (IC, DIONEX, CS-

2500). 

For further characterization, a Fourier Transform-Infrared spectrometer (FT-

IR, Nicolet iS50, USA) was employed to identify the chemical functional groups in 

fly ash samples with different particle size ranges. In addition, the X-ray 

photoelectron spectroscopy (XPS, ULVAC-PHI, PHI 5000 Versaprobe, Japan) 

analysis was applied to investigate the element composition of fly ash samples with 

different particle size ranges. The analysis was conducted on an ESCALab220i-XL 

spectrometer (Vacuum Generators, UK) using Al Kα radiation (hʋ= 1486.8 eV) and 

the binding energy was amended using adventitious carbon (284.6 eV).  

3.2.3 Heavy Metal Content Measurement 

To measure the heavy metal concentrations of solid samples (waste raw 

material, fly ash and bottom ash), approximately 0.1 g of each solid sample were 

digested separately by a mixture of acids (HNO3: HCl: HF = 3: 1: 1) through 

microwave digestion, based on U.S. EPA 3050b. Then, the digested solutions were 

put on an electricity plate at 200℃, evaporating the HF. Next, the nearly dried 

solutions were diluted with 2% dilute nitric acid in a 50 mL volumetric flask. After 

that, the digested solutions were analyzed using an inductively plasma-mass 

spectrometry (ICP-MS, Agilent 7500a, USA) to obtain the heavy metal 

concentrations except Hg. For the analysis of Hg, briefly, one to two drops 5% 
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K2Cr2O7 solution were added into the digested sample solutions to reduce Hg(II) 

into elemental Hg. A hydride generation-atomic fluorescence spectroscopy (HG-

AFS-933, Beijing Titan Co, China) was applied to determine the total Hg 

concentrations for both of the solid samples and flue gas samples. 

For determining heavy metal levels in flue gas, the thimble samples were first 

cut into small strips, and then 15 ml mixed acid (HNO3: HCl = 1: 3) was added for 

microwave digestion. After that, the cooled digested solutions were transferred into 

50 mL volumetric flasks for ICP-MS analysis. 

For Hg, the gaseous samples were collected through bubble absorption tubes 

with acidic KMnO4 solution. In this process, the elemental Hg was oxidized as 

mercury ions, and thus can be stored and transported to the laboratory in stable. 

Before analysis, the SnCl2 solution was added into the adsorption liquids to reduce 

mercury ions back to elemental Hg. The gaseous Hg was purged into the cold vapor 

atomic fluorescence spectrometry for the quantitative determination. 

3.2.4 Stack Gas Emission Level Monitoring 

To investigate the emission characteristics of the hazardous waste incinerator, 

levels of regular pollutants (including particulate matter, CO, SO2, HF, HCl, and 

NOx), PCDD/Fs and heavy metals (including Cd, Pb, As, Cr, Sn, Sb, Cu, Mn, Ni, 

Hg) in stack gas were analyzed. The concentrations of regular pollutants were 

recorded from the online monitoring system; the sampling and analyzing of heavy 

metals followed the national standards GB/T 16157 and HJ 657-2013 (HJ 543-2009 

for Hg determination), respectively. For PCDD/Fs, the sampling and detecting 

procedures have been reported in the last chapter. For heavy metals including Cd, 

Pb, As, Cr, Sn, Sb, Cu, Mn, and Ni, the determination is based on the inductively 
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plasma-mass spectrometry (ICP-MS) analysis. Flue gas particles with heavy metals 

were collected through the quartz filter thimbles, and the analysis procedure has 

been described in the last section. 

It is worth mentioning that to investigate the pollution emission characteristics, 

flue gas samples were collected in triplicate. Correspondingly, the analysis for 

regular-monitoring pollutants, heavy metals, and PCDD/Fs were analyzed for three 

times. For homogenized raw material, bottom ash, and fly ash, samples were 

collected six times in 2 hours, mixing into one sample each. For the raw material 

sample, the component analysis was conducted for six times to obtain the arithmetic 

mean value. For bottom ash and fly ash samples, they were tested in triplicate, and 

the measurement error for each metal was within ± 10%. 

 

3.3 Results and Discussion 

3.3.1 Morphology, Element Composition, and Mixing State of Single Particles 

Through the TEM-based single particle analysis, in the hazardous waste 

incineration process, there are eight types of single particles observed and classified, 

including organic, soot, K-rich, S-rich, Na-rich, Fe-rich, mineral particles and fly 

ash. The TEM images of each type of particles and the related element compositions 

are shown in Figure 3.2. In addition, with EDS mapping image, the element 

distribution in each single particle can be shown. In Figure 3.3, four examples were 

selected, and their EDS mapping images are provided as evidences for the metals 

labelled in TEM images. 

As comparison, particle-type discrepancies exist between this study and 

previous research on other primary sources (e.g. coal fire power plant, biomass 
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burning, and vehicle exhaust). For example, in a study which collected PM2.5 from 

coal and tire co-combustion, particles observed under TEM were mostly soot and 

crystalline metal sulfates [202]; while in the process of incinerating hazardous 

waste, more organics, bobble-shape S-rich and K-rich particles were found. In 

addition, for particles collected from vehicle exhausts, K-rich type was not found, 

and the most abundant metals were Fe, Ca, Zn, and Cr through TEM-EDS analysis 

[196, 203]. 
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*The EDS analysis 

zones are identified by 

the yellow dotted lines. 

 

Figure 3.2 TEM images 

and elemental 

compositions of 

different types of 

particles： 

(a) Organic particle, 

(b) soot particle,  

(c) K-rich particle,  

(d) S-rich particle,  

(e) Na-rich particles, 

(f) Fe-rich particle,  

(g) mineral particle,  

(h) fly ash particle. 
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Figure 3.3 EDS mapping of particles with element distribution patterns. 
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In general, particles generated from household coal burning, the dominant 

composition is organic matters with irregular shapes; while for coal-fired power 

plants, since the combustion temperature is much higher in the furnace, particles 

mainly exist in molten form and observed as spherical organic matters. For vehicle 

exhaust, the major composition is chain-like soot particles due to the incomplete 

combustion of chain alkane. In this study, the observed particles show a great 

similarity with particles collected from the ambient air of a cement plant co-

incinerating solid waste [201, 204]. The spherical organic particles take the 

dominant fraction in both of the ambient air of the incinerator and surrounding air 

of the cement plant. Teran et al. (2019) suggests that spherical and bubble-shape 

particles are characteristic for high temperature processes, which could explain the 

particle similarity between the HW incinerator and the cement plant [205]. The 

fraction of soot particles in this study is far below the observations from vehicle 

emission and biomass burning.  

It is worth noting that the characteristics of particles collected from the indoor 

air of the incineration facility and from flue gas were largely different in this study. 

In the indoor air of the incinerator, since the samples were collected through the 

single aerosol particle collector, the particles were relatively dispersed, relatively 

easier to observe the morphology of each single particle. However, for particles 

collected from the flue gas, they tended to gather together as cloud-shaped organics 

with condensed metals such as Fe, Ni, and Mg embedded in. The TEM images of 

the particles collected from indoor air and flue gas were compared in Figure 3.4.  
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Figure 3.4 TEM image comparison of the particles collected from indoor air and 

flue gas. 

 

For particles collected from the indoor air beside the fly ash collector, their 

morphologies are illustrated in Figure 3.4. It can be seen that among particles 

observed through TEM, organic particles and S-rich particles were two types of 

major single particles, which took 56% and 30% of the total observed particles, 

respectively. Most of the organic particles were found in spherical shapes (Figure 

3.4 (a)(e)(h)), while a few of them were irregular (Figure 3.4 (b)(i)). The majority 

of elements in organic particles were C and O, with small proportions of N, S, and 

metals (Figure 3.4 (a)). It has been reported that for those organic particles coating 

on other particles, it is more likely to be secondary organic aerosols, while for those 

that embedded with other types of particles, they are considered as primary organic 

aerosols [206].  
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Figure 3.5 TEM images of particles collected from indoor air beside the fly ash 

collector. 

 

In this study, most of the observed organic particles were coated on other 

particles, such as S-rich and N-rich particles. This suggests that particles dispersing 

on the indoor air close to the fly ash collector could experience heterogenous 

reactions with SO2 and NO2 in the environment [207]. Previous toxicology studies 

have reported that sulfates and nitrates in particles can increase risks of 

cardiovascular and respiratory diseases due to the increased solubilities [208-210], 

and thus might pose significant health impacts for workers with breathing exposure 

[211]. The other type of the most abundant particles, S-rich particles have two 
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typical shapes: one displayed sphere in inside of the organic coating (Figure 3.5 (h)) 

and the other itself coated over other particles (Figure 3.5 (c)). It has been found 

that sulfide and potassium substances are not stable under the electron beam, easy 

to be decomposed and form bubble shapes. Considering that the EDS images 

showed that the contents of oxygen and nitrogen were normally high in S-rich 

particles, there were most likely sulfates occurring with nitrates. Similar sulfate 

particles have been found in previous studies that sulfates occur from the nucleation 

to coarse mode and are frequently internally mixed with organics and nitrates[212-

215]. For S[K]-rich particles (Figure 3.5 (f)), previous studies have suggested that 

K2SO4 is the major component [216]. Traditionally, K-rich particles are regarded as 

a typical tracer of biomass burning and biofuel emission [212, 217]. In this study, 

woodchips were included as part of the hazardous waste incinerated during the 

experiment and this might be the major source of the observed K-rich particles.  

It is worth mentioning that Na-rich particles were observed in this study, which 

is less common in the atmosphere. From EDS imaging, it can be seen that the 

distribution patterns of Na are in accordance with Cl. Thus, these substances were 

mostly likely NaCl. This finding might be related to the waste raw materials which 

contained woodchip and sludge, and thus NaCl is ubiquitous in these wastes. Other 

than the three mentioned particles, soot particles were also observed in this 

sampling site. Similar to the findings of previous studies, the soot particle observed 

in this sample is chain-like aggregates of carbon-bearing spheres with a diameter of 

100 nm approximately. The major composition is elemental carbon from 

incomplete combustion of biomass and fossil fuel, which in this study, might be 

contributed by woodchips as well.  

Different types of particles were observed from the sample collected from the 
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indoor air beside the bottom ash collector (Figure 3.6). They are mainly organic 

particles, Fe-rich particles and soot particles, which take approximately 44%, 30%, 

and 19%, respectively. While Na-rich, S-rich, and K-rich particles were less 

observed in these samples. It is worth mentioning that Fe-rich particles were found, 

which have not been observed in the sample collected beside the fly ash collector. 

Since the incineration residues (bottom ash) could enrich more heavy metals in unit 

mass compared to fly ash, this observation is reasonable. The discrepancy of single 

particle types in two sampling sites indicates that in the different areas of the waste 

incineration workshop, the distribution of particles might be various. For example, 

the workers who collect bottom ash might inhale more metal-contained particles, 

while collecting fly ash might result in more inhalation of sulfate and nitrate 

particles. 

 

Figure 3.6 TEM images of particles collected from indoor air beside the bottom ash 

collector. 

 

For particles collected from the flue gases, their TEM images were illustrated 
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in Figure 3.7. Particles (a) to (h) were collected from the flue gas in the inlet of the 

stack, which represent the primary particles emitting from the hazardous waste 

incineration, and particles (i) to (l) were collected from the outlet of the quenching 

tower. There are mainly five types of particles observed: organic particles with 

metals embedded, mineral particles, Fe-rich particles, fly ash, and soot, which take 

approximately 39%, 22%, 17%, 11%, and 6%, respectively. Compared to particles 

collected from the indoor air, one of the most obvious differences is that particles 

containing water-soluble substances (e.g. S-rich, K-rich, and Na-rich) were not 

observed in flue gas samples. The deionized water used in flue gas sample 

pretreatment is likely to be the primary cause since the water-soluble elements were 

dissolved and could not be captured in this process. In addition, it can be seen that 

compared to air particles collected through the single particle collector, the organic 

particles displayed irregular shapes in the flue gas samples, with metals embedded 

in. However, in the indoor air samples, organics are spherically coated outside of 

S-rich and Na-rich particles. The possible explanation for the irregular shapes is 

that particles collected by the filter thimble tend to aggregate together.  



98 

 

 

Figure 3.7 TEM image of particles collected from flue gases. 

 

Since the water-soluble fraction of the particles including alkaline and alkaline 

earth metal salts was not collected during the above-mentioned morphology study, 

to investigate their concentrations of ionic species, ion chromatography was 

adopted to analyze the constituents of the water-soluble fraction. Table 3.3 shows 

the average concentrations of the water-soluble ions collected from flue gas filter 

thimbles at the outlet of the quenching tower and the inlet of the stack. It can be 

found that the major ionic species in flue gas at the outlet of the quenching tower 

were Cl−, NH4
+, Na+, and SO4

2−; while at the inlet of the stack, the major ions were 

Cl−, NH4+, NO3
−, Na+ and K+. The high fraction of Cl− is consistent with the high 

chlorine concentration in the homogenized feeding material (Table 3.1). Besides, it 

can be observed that concentrations of all the measured ionic species decreased 

significantly between the quenching tower outlet and the stack inlet. This 
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demonstrates the high removal efficiency of air pollution control devices in the HW 

incinerator. Understanding the water-soluble ionic species helps complete the 

composition study of flue gas, offsetting the deficiency of the particle morphology 

study. 

Table 3.3 The average concentrations of water-soluble ions in flue gas (mg/m3). 

Ions Quenching  

tower outlet 

Stack 

inlet 

Ions Quenching  

tower outlet 

Stack 

inlet 

F− 0.065 0.004 Na+ 4.89 0.084 

Cl− 24.52 0.71 K+ 1.60 0.086 

NO3
− 1.31 0.11 Ca2+ 0.83 0.025 

SO4
2− 4.58 0.09 Mg2+ 0.066 0.003 

PO4
3− 0.23 N.D. NH4

+ 20.17 0.14 

 

However, TEM-EDS imaging can provide visible information to elucidate the 

transformation processes of elements, especially heavy metals from the waste raw 

material to the flue gas emission, and subsequently, to the ambient atmosphere. 

Figure 3.8 summarizes the brief formation pathways of primary particles including 

soot, organics and metal sulfates/nitrates during hazardous waste incineration.  

 

Figure 3.8 Proposed particle formation pathways in hazardous waste incinerating 

process. 
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The input waste raw materials mainly contained organics, sulfides, nitrides, 

and metals. During high-temperature combustion, the aromatic compounds were 

destructed into aromatic rings and linear hydrocarbons. Metals and their oxides 

entered in flue gas by evaporation and entrainment as metallic vapor. Part of them 

experienced a re-oxidation process with S and N involving in to form metal 

sulfates/nitrates. With the temperature cooling down in the post-combustion zone, 

the incompletely combusted aromatic rings conjugated as soot particles; metal 

vapor nucleated as spherical particles; the partly oxidized linear hydrocarbons were 

devolatilized, coating on those metal-nucleated particles [112, 218]. The 

morphologies and elemental compositions of primary particles emitted from the 

hazardous waste incinerator provide information to identify the sources of 

atmospheric particles. In the meantime, the metal-rich particles emitted from the 

stack of the waste incinerator could further react with SO2, NO2, and organics in 

the environment, forming the coating of sulfates, nitrates, and organic particles, 

experiencing a long-term transport. Since the hygroscopic and optical properties 

could be changed by the secondary particles, the local air quality might be affected 

adversely. In addition, the metal-included sulfate and nitrate particles might also 

pose more serious health risks for the surrounding population and the workers who 

expose to the indoor air with high levels of particles in long term.  

3.3.2 Pollution Emission Characteristics and Heavy Metal Mass Balance 

Although TEM-EDS imaging provides visualized morphology of particles 

related to the hazardous waste incineration, to measure the concentrations of 

pollutants in exhaust gas and incineration residues, the traditional environmental 

monitoring methods (bulk analysis) are still needed. In this study, to characterize 



101 

 

the pollutants emitting from the stack, the concentrations of regular pollutants 

(including CO, CO2, HCl, SO2, NOx, HF, and particulates), heavy metals (including 

Hg, Cd, Pb, As, Cr, Cu, Mn, and Ni), as well as PCDD/Fs were analyzed in exhaust 

gas. Meanwhile, the heavy metals concentrations in fly ash and bottom ash were 

measured to elucidate their partitioning behaviors. The concentrations of regular 

pollutants in exhaust gas are provided in the Table 3.4. The concentrations and 

emission factors of heavy metals and PCDD/Fs in raw waste material, bottom ash, 

fly ash, and exhaust gas are given in Table 3.5. The emission factors were calculated 

as the following equations: 

Emission factor (for solid residues) =
C(i,ash) × M(ash per h)

M(raw waste)
    (Equation 3.1) 

Emission factor (for exhaust gas) =
C(i,gas) × V(gas per h)

M(raw waste)
    (Equation 3.2) 

Where C(i, ash) and C(i, gas) represent the concentrations of the heavy metal i in 

the solid residues and exhaust gas, respectively. M(ash per h) represents the hourly 

yield weight of bottom ash or fly ash, and M(raw waste) represents the input weight 

of homogenized waste raw material per hour.  

Table 3.4 Concentrations of regular pollutants in exhaust gas. 

 Sample#1 Sample#2 Sample#3 Average 

CO (mg/m3) 9.85 11.15 10.76 10.59 

CO2 (%) 6.84 6.05 5.26 6.05 

HCl (mg/m3) 37.9 23.8 38.4 33.4 

NOx (mg/m3) 31.7 80.0 19.0 43.6 

HF (mg/m3) 0.37 0.11 0.15 0.21 

SO2 (mg/m3) 0.021 0.23 0.34 0.20 

Particulates (mg/m3) 10.43 18.33 13.34 14.03 

Gas flow volume (m3/h) 15126 15133 15203 15154 

 

In this study, the yields of bottom ash and fly ash per hour are averagely 221 
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kg and 69 kg. The input amount of raw waste was 1054 kg per hour during the 

experiment. In the homogenized waste raw material, the concentrations of the 

measured heavy metals range from 0.6 mg/kg (Cd) to 2050 mg/kg (Ni). Compared 

to a previous study conducted in another hazardous waste incinerator, the heavy 

metal concentrations of the feeding waste were mostly lower except Hg [182]. This 

suggests that in practical operation, the composition of heavy metals can fluctuate 

largely. Compared to a sludge-coal co-combustion power plant, the concentration 

levels of Cd, Cr, and Cu were similar, while the levels of Pb and Hg were one order 

of magnitude higher in the raw material in this study [174]. However, the emission 

factors of Pb and Hg in exhaust gas were lower than the power plant co-processing 

sewage sludge. These results indicate the high removal efficiencies of gaseous 

pollutants in the air pollution control devices, especially the part of activated carbon 

injection coupling with the bag filter.  
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Table 3.5 Emission and mass balance of heavy metals in hazardous waste incineration. 

  

Heavy 

metal 

Waste 

material 

Bottom ash Fly ash Exhaust gas Total  Mass 

g/t-raw 

waste 

mg/kg g/t-raw 

waste 

mg/kg g/t-raw 

waste 

mg/Nm3 g/t-raw 

waste 

output balance 

As 1.19 2.36 0.495 8.89 0.582 2×10-4 2.06×10-3 1.079 90.6% 

Cd 0.60 0.39 0.082 7.38 0.483 2.39×10-5 3.03×10-4 0.565 94.2% 

Cr 29.37 103.1 21.62 50.80 3.326 0.145 1.49 26.43 90.0% 

Cu 46.63 171.31 35.92 49.27 3.225 2.77×10-3 0.0286 39.17 84.0% 

Mn 221.67 644.35 135.11 584.21 38.25 0.014 0.146 173.51 78.3% 

Ni 2050 7182 1505.9 2397.18 156.93 0.100 1.034 1663.86 81.2% 

Pb 42.98 68.04 14.27 348.16 22.79 2.98×10-3 0.0146 37.07 86.3% 

Hg 3.42 0.005 0.0010 17.4 1.139 0.0033 0.0314 1.1714 34.3% 

PCDD/F 3.04×10-5 

(TEQ) 

2.57×10-5 

(TEQ) 

5.39×10-6 

(TEQ) 

4.54×10-5 

(TEQ) 

2.97×10-6 

(TEQ) 

2.1×10-8 

(TEQ) 

2.91×10-7 

(TEQ) 

- - 
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The heavy metal concentration levels in exhaust gas were also compared with 

another hazardous waste incinerator mentioned before. It was found that the 

concentration levels of As, Cd, Pb and Hg in this study were lower than the previous 

studied hazardous incinerator. For Cu, the concentrations in this study was 

approximately two to three times higher, while for Cr, the concentration were 10 to 

50 times higher. For As, Cd, Pb, and Hg, their volatilities are relatively high, and 

thus, in the high-temperature flue gas, most of them are in gas phase. However, for 

Cr, which is relatively less volatile, Cr in flue gas mostly condense in particle-phase. 

Since the activated carbon powder mainly absorbs gas-phase pollutants, before and 

after the bag filter, concentrations of particle-phase pollutants normally remain the 

similar levels. In this study, abundant Cr were entrained into flue gas, and then 

embedded into particles. Activated carbon-coupled bag filter has little removal 

performance on these types of pollutants compared to gaseous metals such as Hg. 

This might result in the high emission levels of Cr. 

Estimating the mass balance of heavy metals in the hazardous waste 

incineration process helps verify whether the measured concentrations in exhaust 

gas are accurate. The mass balance rate for heavy metals is defined as the ratio of 

the total output via flue gas, fly ash, and bottom ash to the heavy metal input via 

waste raw material in percentage. The estimations indicate that relatively high mass 

balance rates are attained for most of the heavy metals (a mean balance rate of 

85.7%) except Hg. For Hg, the mass balance rate is only 34.3%. The possible 

explanations are that (1) the concentration of Hg in the raw hazardous waste 

material might be fluctuating and an overestimated value of Hg in raw material was 

used in the mass balance estimation; (2) the concentrations of Hg in exhaust gas 

were underestimated. Besides, it is worth mentioning that all of the mass balance 
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rates are incomplete and are lower than 100%, which may be attributed to heavy 

metal condensation and to deposit on the furnace and device wall. 

3.3.3 Heavy Metal Transfer Behaviors in the Incineration Process 

Due to the enrichment of heavy metals and dioxins, hazardous waste 

incineration residues (including fly ash and bottom ash) are classified as HW18, 

National Hazardous Waste Catalogue of China. To characterize the distribution 

pattern of heavy metals in the hazardous waste incineration process, the relative 

enrichment indexes (REIs) were calculated through the following equation: 

REI =
C(i,ash) × A(ash in 𝑟𝑎𝑤 𝑤𝑎𝑠𝑡𝑒)

C(i,raw waste)
    (Equation 3.3) 

Where REI is the relative enrichment index of a certain heavy metal in bottom ash 

or fly ash; C(i, ash) and C(i, raw waste) represent the concentration of heavy metals 

in the incineration residues and waste raw material, respectively; and A(ash in raw 

waste) is the ash content in the air-dried waste raw material. The average ash content 

of waste raw material incinerated during the field study is 22.65%. The REIs of 

heavy metals in bottom ash and fly ash are illustrated in Figure 3.9 (a). The 

regularities of metal REI distribution in bottom ash and fly ash were substantially 

in accordance with a previous study [182]. Obvious enrichments of Hg, Cd, Pb, and 

As were observed in fly ash. It has been widely reported that the transfer pathway 

of these volatile metals is primarily through evaporation, condition, and adsorption 

[219, 220]. However, for Cr, Cu, and Ni, the REIs in bottom ash were much higher 

than in fly ash. Thus, it can be deduced that these metals transferred into the fly ash 

mainly attributed to the entrainment.  

Figure 3.9 (b) shows the distribution proportion of heavy metals in the 

incineration process. It can be seen that over 75% of Cr, Cu, Mn, and Ni were 
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distributed in bottom ash. However, because of the high volatilities, high vapor 

pressures, and low boiling points, Hg and Cd were mainly in gas-phase, and then 

were effectively removed from flue gas, enriching in fly ash. For Pb and As, which 

are medium-volatiles heavy metals, the differences on distribution percentages 

between fly ash and bottom ash were indistinctive. These observations are mostly 

consistent with the results of previous studies, which suggests that the evaporative 

property is the primary factor to affect the partitioning patterns of heavy metals in 

the incineration process [182, 221]. 
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Figure 3.9 Partition characteristics of heavy metals in hazardous waste 

incineration (a) REI of ash and (b) distribution pattern 

 

Furthermore, the surface chemical characteristics of fly ash samples with 

different particle sizes were investigated by XPS and FT-IR. The spectrums of XPS 

are provided in Figure 3.10, showing that the major elements on the surface of fly 

ash are C, Na, O, Cl, Mg, and S. It can be seen that for fly ash particles which the 

diameters < 60 mesh (250 μm) and the mixed fly ash, the surface compositions and 

relative abundances were similar. Carbon was the most dominant contributing 

elements, while S was hardly existed in small-size fly ash particles (diameter < 250 

μm). It has been reported that C1s spectrum of fly ash can be fitted to five 

characteristic peaks, which are C-C bond (graphic carbon), C-O bond (hydroxyl), 

C=O bond (carbonyl), COOH/C(O)-O-C bond (carboxyl/ester group), and π-π* 

bond [222]. As a comparison, the proportion of C in large-particle samples 

(diameters > 250 μm) was much lower, while the relative abundances of S and Mg 
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were increased. These observations suggest that the substance compositions and the 

formation temperature of large-size fly ash particles were different from the rest of 

the fly ash sample. Since the majority of the fly ash contents high proportion of C, 

their generation might be mainly related to the injection of active carbon before the 

bag filter. For the large-size fly ash particles, they might be generated from higher 

temperatures and then be dedusted by the centrifugal dust separator.  

 

Figure 3.10 XPS spectra of fly ash samples with different size ranges. 
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The information of the surface functional groups was provided by FT-IR 

analysis and the spectrums of different size fly ash samples are illustrated in Figure 

3.11. According to the spectrum of the total mixture of fly ash, it was found that 

there were C=C, -C-H, and C-O-C groups existing in. Specifically, the peak at 1470 

cm-1 corresponds to the C=C stretching bond in aromatic ring [223]. The spectrum 

of the small-size particles is similar to the total-mixed fly ash sample. This might 

because that during the preparation of FT-IR samples, only a tiny little amount 

(approximately 1 mg) of sample was added for tableting, and particles with smaller 

size are easier to be chosen and added in. In the fly ash sample with particles ranging 

from 60 mesh to 100 mesh, the signal of -COOH group was observed as well. In 

addition, in the fly ash sample with largest size range, the signal of SO4
2- were 

observed. These results suggest that the chemical compositions of fly ash particles 

with ranges of 60 to 100 mesh and < 60 mesh were different from the rest of the 

particles. 
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Figure 3.11 FT-IR spectra of fly ash samples with different size ranges. 

 

3.4 Conclusions 

The partitioning behaviors of heavy metals and morphology and elemental 

composition of primary particulate matters (PM) were investigated in a hazardous 

waste incinerator. Through TEM-EDS imaging, eight types of particles were 

observed, which includes organic, soot, K-rich, S-rich, Na-rich, Fe-rich, mineral 

and fly ash particles. Accordingly, the particle formation pathways during 

hazardous waste incineration were proposed. Although the types of particles are 

similar with the ambient PM2.5 samples collected surrounding a cement plant co-

processing waste, the morphologies and elemental compositions of these particles 

collected from the indoor air of the incineration facility and from flue gas were 

largely different. Bulk analysis found that the volatility of metals is an important 

factor to determine that distribution behavior of the metals. For nonvolatile metals 
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such as Cu, Cr and Ni, there appearance in flue gas were mainly through 

entrainment, while volatile metals (Hg, Cd, Pb, and As) were transmitted into the 

fly ash mainly through evaporation, condensation, and adsorption. Results of XPS 

showed that the surface element composition of large-size fly ash particles have 

markedly differences on the relative abundance of C, S, and Mg.  

From the aspect of environmental implication, information provided by this 

study on the partitioning characteristics of heavy metals in a full-scale HW 

incinerator could not only contribute to a better understanding of the heavy metal 

abatement capacity of the flue gas cleaning system, but also helps design the 

pollution control strategy in a more accurate way towards certain types of metal 

pollutants. Meanwhile, the particle morphology study helps improve our 

understanding on the fundamental microstructures and mixing states of primary PM 

emitted from HW incinerators, which can provide important primary particle 

information for source identification of atmospheric particles. Besides, the results 

of this study are significant for identifying the potential health risks for workers 

with occupational exposure and the environmental risks for the surrounding 

ecosystem. Last but not least, it is worth clarifying that the findings of particle 

morphologies and metal partitioning behaviors are only applicable for hazardous 

waste incinerators. For municipal solid waste incinerators and other types of 

thermal processes, due to the difference in feeding materials and the design of 

incineration facilities, the observations might be different. 
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Chapter 4  

DISTRIBUTION OF PAHs, PCDD/Fs, AND HEAVY METALS IN 

SOIL SURROUNDING A CEMENT PLANT CO-PROCESSING 

HAZARDOUS WASTE AND POTENTIAL ENVIRONMENTAL 

RISKS  

4.1 Introduction 

Apart from understanding the formation mechanisms of PCDD/Fs and primary 

particles in incineration processes, it is also important to investigate the 

concentration levels of hazardous pollutants in the environment. However, it has 

been widely studied on soil concentrations of PCDD/Fs, PAHs, and heavy metals 

surrounding municipal solid waste and hazardous waste incinerators by domestic 

and international research groups. Thus, in this chapter, a cement plant co-

processing waste was chosen for the environmental investigation study. 

 The co-processing of waste in cement kiln as alternative fuel or substitutional 

raw materials started 30 years ago and has been adopted by many developed 

countries. With multiple benefits such as waste recycling, energy conservation and 

greenhouse gas reduction, the co-incineration technology has been promoted by the 

Chinese government since 2012 [224]. By the end of September 2017, 58 cement 

plants in China have updated their production line to co-process waste. In addition, 

there are more than 1500 cement clinker production lines in China, and the 

development of co-processing has a huge potential for waste minimization.  

A variety of wastes can be co-processed and then serve as alternative fuels. 
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The most commonly disposed waste used by the cement industry include municipal 

solid waste, fly ash, sewage sludge, discarded tires, and waste acid [225, 226]. 

These wastes may contain a myriad of organic chemicals, chloride, and heavy 

metals. Unintentional toxic byproducts could be formed during co-processing when 

the combustion conditions fail to meet operating standards. These toxic byproducts 

include PCDD/F, PAHs, acidic gases (HCl, HF), and heavy metals. The toxic 

byproducts then condense onto fine particles or exist in the gas phase, and then are 

emitted into the ambient air [34]. For example, at 1450 °C, heavy metals are 

vaporized, as are the transition metals that serve as a catalyst. Downstream of the 

rotary kiln, an oxygen-depleted condition with insufficient mixing of waste air 

might lead to incomplete combustion, forming PAHs and high-molecular-weight 

(HMW) chlorinated hydrocarbons (CHCs). Between 200 and 600 °C, PCDD/Fs 

could be formed with the catalyzing of transition metals from precursors such as 

PAHs and HMW CHCs [179].  

The formation of PCDD/Fs and its related precursors, including 

chlorobenzenes (CBs) and PCNs, in cement kilns co-processing waste has been 

studied extensively. With both laboratory-scale experiments and pilot tests, the 

profile and distribution of PCDD/Fs during the co-processing stage, as well as the 

optimal reaction condition to control the formation of PCDD/Fs, have been 

discussed in depth [34, 227-229]. The heavy metals emitted from this process have 

also attracted wide concern. Conget al. (2015) studied the release models of three 

semi-volatile metals (As, Pb, and Cd) during the co-processing of hazardous waste 

in a cement kiln [230]. Yang  et al. (2016) investigated the partitioning behavior 

of trace elements in the manufacturing process [231]. Pollutants are generated from 

not only cement incineration but also the crushing, transporting, grinding, storage, 
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and packaging of raw materials. Once these pollutants are emitted from the cement 

plant, they can easily adhere to atmospheric aerosols (TSP, PM10, PM2.5) and be 

transported a considerable distance downwind. These pollutants also cross 

environmental boundaries, accumulating in soil, vegetation, water, etc. Thus, the 

indirect impacts on the surrounding environment remains a surprising, but 

prominent gap in the current literature.  

Most of the semi-volatile pollutants from the gas and particle phases are 

deposited into the soil, which acts as both a reservoir and a sink for the atmospheric 

particulates. Pollutants enter the soil via both dry and wet deposition. Once in the 

soil, most organic pollutants, such as PAHs, are associated strongly with soil 

organic matter and remain there due to their relative resistance against degradation 

[232]. In addition to organic pollutants, heavy metals such as Hg might be oxidized 

or complexed, thus presenting higher toxicities. In Europe, the co-processing of 

waste in the cement industry has been adopted widely, and correspondingly, the 

environmental impacts of this technology have been investigated widely. 

Schuhmacher et al. (2009) investigated PCDD/Fs and heavy metals in the soil and 

vegetation surrounding a cement plant co-processing sewage sludge [233]; 

Orecchio et al. (2010) monitored PAHs in the soil near a pet coke co-incineration 

cement plant[234]; and Rovira et al. (2014) compared the heavy metals and 

PCDD/Fs collected in soil, vegetation, and air samples before and after 

implementing alternative fuels [235]. In the above studies, no significant 

environmental impacts were observed due to the co-processing of waste. In China, 

however, studies on soil contamination surrounding the co-processing cement plant 

remain insufficient. Over the past five years, the Chinese government has 

accelerated the implementation of co-processing waste in cement plants. Evaluating 
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the potential environmental impacts of pollutants emitted during the co-processing 

of waste is both urgent and important.  

As common contaminants in the soil, PCDD/Fs, PAHs, and heavy metals are 

generally investigated to examine the contamination caused by thermal-intense 

industrial activities. Thus, the objectives of this study are: (1) to identify the 

unintentionally created “byproducts” emitted from a cement plant co-processing 

hazardous waste by monitoring the general concentrations of PCDD/Fs, PAHs, and 

heavy metals in the surrounding soil; (2) to depict the distribution pattern and 

identify the sources of PAHs in the sampled soils; (3) to discuss the contribution of 

the co-processing of waste on heavy metal emissions; and (4) to evaluate the 

potential risks for both residents and the environment. 

 

4.2 Materials and Methods 

4.2.1 Sampling Methodology  

Based on the wind direction, 32 soil samples in four directions, southeast (SE), 

southwest (SW), northeast (NE), and northwest (NW), were collected at distances 

of 50, 400, 800, 1200, 2000, 2500, and 3000 meters away from the cement plant. 

The sampling site locations were preliminarily selected using Google Earth (shown 

in Figure 4.1). Three subsamples were collected from the surface soil (<5 cm) and 

mixed together at each sampling site. To determine the sources of the pollutants in 

the soil, raw materials, including circulating fly ash, pretreated hazardous waste 

(HW), dried sewage sludge (SS), and PM2.5 samples in the ambient air were 

collected. The samples of soil, fly ash, HW, and SS were kept in single polyethylene 

bags and stored at 4 °C until analysis. Four PM2.5 samples were collected using a 

Medium Volume Cascade Impactor (Laoying 2030 TSP) over 24 hours each (144 
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m3). The land-use type of the sampling area, and more detailed sampling process 

are given in the supplemental materials. 

 

Figure 4.1 Location of the cement plant and sampling sites. 

 

4.2.2 Sample Pretreatment and Chemical Analysis of PCDD/Fs 

Ten soil samples (SE50m, SE800m, SE1200m, SE2000m, SW400m, 

SW800m, SW1200m, SW2000m, NE2000m, and NW2000m) were selected to 

analyze the concentration of PCDD/Fs. The pretreatment was operated in 

accordance with procedures established by the U.S. EPA (method 1613 for soil 

samples). Samples were Soxhlet extracted with 16 hours with toluene after spiking 

13C12-labbled PCDD/Fs internal standards. The extracts were firstly concentrated 

by rotary evaporators and then washed with H2SO4 until they were colorless. 

Following that, the hexane-rinsed water was used to wash the samples for 

neutralization. Then, samples were concentrated by nitrogen blow. The sample 
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clean-up step was conducted by passing through a silica gel column coupled with 

an activated acidic alumina capped with anhydrous Na2SO4. Following that, C18 

column was used for further clean up. Then the eluent was concentrated by rotary 

evaporators, and 13C12-labbled PCDD/Fs recovery standards were added before 

injected to instrumental analysis. The laboratory procedure was performed using a 

HRGC (6890 GC, Agilent, USA) coupled with a HRMS (AutoSpec, Waters, USA).  

4.2.3 Sample Pretreatment and Chemical Analysis for PAHs 

Samples of soil, fly ash, HW, and SS were homogenized, ultrasonically 

extracted and cleaned up with a silica gel column. Detailed experimental procedures 

are given in the supplementary materials. 

For PAH analysis, the certified reference of EPA 610 PAH mixture was 

purchased from Supelco Co. (CRM 48743), which includes naphthalene (1000 

μg/mL), acenaphthylene (2000 μg/mL), acenaphthene (1000 μg/mL), fluorene (200 

μg/mL), phenanthrene (100 μg/mL), anthracene (100 μg/mL), fluoranthene (200 

μg/mL), pyrene (100 μg/mL), benz(a)anthracene (100 μg/mL), chrysene (100 

μg/mL), benzo(b) fluoranthene (200 μg/mL), benzo(k) fluoranthene (100 μg/mL), 

benzo(a)pyrene (100 μg/mL), indeno(123-cd) pyrene (100 μg/mL), dibenz(ah) 

anthracene (100 μg/mL), and benzo(ghi)perylene (200 μg/mL). The internal 

standards are phenanthrene-d10 and perylene-d12 (Supelco Co., Cat. No 442753 

and No 442750). Silica gel (60-100 mesh) purchased from Sigma-Aldrich was 

activated at 170℃ for 24h, then kept in a desiccator. 

Samples for PAH analysis include soil, fly ash, HW, and SS. Before the 

extraction, samples were dried under 8 hours avoiding light. Air-dried samples were 

crushed and ground to pass 2mm mesh sieve to remove coarse debris and small 
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stones. The homogenized soil samples were then stored in amber glass containers 

at 4℃. 10 g of each soil sample was weighed precisely and mixed with 2 g 

anhydrous sodium sulfate. Then samples were ultrasonically extracted for treated 

with 1:1 (v: v) n-hexane and acetone (30mL) for 1 hour. After extraction, the sample 

was centrifuged with 3000 r/min for 5 min. Sample extract solvents were 

concentrated to ca. 1 mL under nitrogen flow. Then, the concentrated extracts were 

purified through silica adsorption chromatography with anhydrous sodium sulfate 

capping on. The target compounds were eluted by 50 mL mixture of hexane and 

dichloromethane (1:1 v/v). Finally, the eluting solvents were evaporated by the 

nitrogen and dissolved with 1 mL n-hexane. The internal standards were added to 

gas chromatography (GC) vials before GC injection. 

GC-MS analysis was performed on an Agilent 7693 GC system equipped with 

a DB-5MS column (30m × 0.25 mm i.d. × 0.25 μm film thickness). The mass 

selective detector is a 5977A with an electron ionization source. Ultrahigh-purity 

helium was used as the carrier gas, and the flow rate was set at 1.1 ml/min. For the 

stepped temperature program, the oven was initially set at 90℃, holding for 2 min, 

and then increased to 200℃ at a rate of 10℃/min (holding for 5 min). Finally, the 

oven temperature was increased to 300℃ (holding for 5 min) at a rate of 10℃/min. 

The injector temperature was set at 290℃, and the detector temperature was set at 

310℃. SIM mode was adopted for the quantitative analysis of 16 individual PAH 

congeners. 

4.2.4 Other Chemical Analysis  

For heavy metals analysis, the soil samples were digested by a solution of 3:1:1 

HNO3: H2O2: HF (v/v). Then, the digested solutions were put on an electricity plate 
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at 200℃, evaporating the HF. After that, the ICP-MS (Agilent 7500x, USA) was 

used to measure the concentration of metals except Hg. For Hg, it was determined 

by a HG-AFS (Beijing Titan Co, China). 

The pH of soil samples was measured with H2O (1:2.5, dry weight), and the 

total organic carbon (TOC) was detected by TOC-L-CPH-SSM5000A. The 

granulometric composition of the soil from the four sampling directions was 

determined based on the national standard methods developed by the Chinese 

Ministry of Agriculture (NY/T 1121.3-2006). 

4.2.5 Quality Assurance and Quality Control 

For measurements of PCDD/Fs and PAHs, method blank and spiked blank 

were analyzed to evaluate the precision of the analysis. For PAHs, due to the larger 

number of soil samples, one duplicate at each direction (at a rate of 12.5% of the 

total samples) was analyzed. For samples of fly ash, HW, and SS, each of them was 

analyzed with three parallel samples. Treatment procedures for method blanks were 

same as real samples. Every extraction batch of samples had a method blank (n = 

4) to check contamination during experiment. No target PAHs were detected in any 

of the method blanks. Both method blank and spiked blank used silica sand as the 

matrix. 16 PAHs mix were added into the silica sand as spiked blank. Table 4.1 

shows the recovery and limit of detection (LOD) of PAHs. It can be seen that the 

recoveries for 2-3 ring PAHs were from 64.50% to 94.07%, and for 4-6 ring PAHs, 

recoveries were from 79.95% to 119.89% (except Fla, 61.19% to 77.01%).  
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Table 4.1 Recovery and LOD for individual PAHs. 

Congener Recovery (%) LODa (μg/kg) 

Nap 65.18~79.72 0.48 

AcPy 64.50~81.19 0.12 

AcP 72.99~81.88 1.01 

Flu 71.55~94.07 1.52 

Phe 80.12~104.01 2.00 

AnT 88.08~115.13 2.75 

Fla 61.19~77.01 0.99 

Pyr 89.97~115.04 1.68 

BaA 79.95~119.91 6.61 

Chr 81.46~98.84 5.78 

BbF 83.11~103.31 1.44 

BkF 80.32~100.04 2.82 

BaP 83.89~99.83 3.52 

DBA 83.40~107.32 4.05 

BghiP 81.01~97.38 3.63 

IND 86.93~119.89 6.24 

 

For heavy metals, certified soil reference, GBW07405 (NRCCRM, China) 

were used to check the accuracy of the ICP-MS and HG-AFS. The measured 

concentrations showed satisfied agreements with the recommended values. 10% of 

samples were conducted the duplicate test, and the difference values were within 

20%. Table 4.2 shows the recovery of heavy metals. 

Table 4.2 Recovery for heavy metals. 

Heavy metal Recovery (%) Heavy metal Recovery (%) 

V 96.92~104.67 Zn 104.42~110.24 

Cr 93.27~104.50 As 102.51~115.50 

Mn 93.34~104.09 Cd 94.44~104.35 

Co 94.86~97.03 Ba 78.79~84.93 

Ni 92.50~108.51 Pb 92.76~104.04 

Cu 97.06~112.60 Hg 98.10~106.21 
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4.2.6 Statistical Analysis 

The descriptive statistical parameters were calculated with SPSS 20.0 package, 

and the correlations between heavy metals and PAHs were assessed using Pearson 

correlation analysis. 

4.2.7 Incremental Lifetime Cancer Risks (ILCRs) for PAHs  

To quantify the potential health risks for a population exposed to PAHs, an 

environmental risk assessment, incremental lifetime cancer risks (ILCRs), was 

conducted. As adapted from U.S. EPA standard models, ILCRs evaluate exposure 

through ingestion, dermal contact, and inhalation for individuals living in PAHs-

contaminated areas [236, 237]. The detailed equations are at the following: 

𝐼𝐿𝐶𝑅𝑠𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 =  
𝐶𝑆 × （𝐶𝑆𝐹𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 × ∛(𝐵𝑊/70)） × 𝐼𝑅𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛 × 𝐸𝐹 × 𝐸𝐷

𝐵𝑊 × 𝐴𝑇 × 106
 

(Equation 4.1) 

 

𝐼𝐿𝐶𝑅𝑠𝐷𝑒𝑟𝑚𝑎𝑙 =  

𝐶𝑆 × (𝐶𝑆𝐹𝐷𝑒𝑟𝑚𝑎𝑙 × √𝐵𝑊
70

3

) × 𝑆𝐴 × 𝐴𝐹 × 𝐴𝐵𝑆 × 𝐸𝐹 × 𝐸𝐷

𝐵𝑊 × 𝐴𝑇 × 106
 

(Equation 4.2) 

 

𝐼𝐿𝐶𝑅𝑠𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 =  
𝐶𝑆 × （𝐶𝑆𝐹𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 × ∛(𝐵𝑊/70)） × 𝐼𝑅𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐸𝐹 × 𝐸𝐷

𝐵𝑊 × 𝐴𝑇 × 𝑃𝐸𝐹
 

(Equation 4.3)  

In these equations, 

CS is the sum of BaP equivalent concentration (BaPeq in μg/g), 

BaPeq is the product of the concentration of individual PAH compound and its 

corresponding toxic equivalence factor (TEF) [238];  
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CSF is the carcinogenic slope factor (mg /(kg d)) -1;  

BW is the average body weight (kg); 

AT is the average life span (d);  

EF is the exposure frequency (d/year);  

ED is the exposure duration (year); 

𝐼𝐿𝐶𝑅𝑠𝐼𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛is the ingestion rate of soil (mg/d); 

𝐼𝐿𝐶𝑅𝑠𝐼𝑛ℎ𝑎𝑙𝑎𝑡𝑖𝑜𝑛𝑙is the inhalation rate (m3/d); 

SA is the surface area of the skin that contacts the soil (cm2/day);  

AF is the skin adherence factor for soil (mg/cm);  

ABS is the dermal absorption factor (chemical specific);  

and PEF is the particle emission factor (m3/kg). 

Carcinogenic slope factors (CSF) based on the cancer-causing ability of BaP 

were parameterized as 7.3, 25, and 3.85 (mg/(kg d))-1 for ingestion, dermal contact, 

and inhalation, respectively (Knafla et al., 2006; Wang, 2007; U.S.EPA, 1994). 

Cancer risks were estimated for three age groups: childhood (0 ~ 10 years), 

adolescence (11 ~ 18 years), and adulthood (19 ~ 70 years) [239]. Further, the 

cancer risks for males and females were calculated separately. Table 4.3 shows the 

details of exposure parameters adopted to model the ILCRs of each pathway. By 

summing up the risk of each exposure route, the total ILCRs were estimated. 
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Table 4.3 Parameters adopted for estimating the incremental lifetime cancer risks (ILCRs). 

Exposure 
Parameters 

Unit 
Childhood Adolescence Adulthood 

References 
Male Female Male Female Male Female 

Body weight (BW)a 

 
kg 14.3 13.6 48.1 45.4 62.8 54.7 MHC(2007) 

Ingestion rate 
(IRingestion) 

 
mg/day 200 200 100 100 100 100 USDOE (2011) 

Exposure frequency 
(EF) 

 
day/year 350 350 350 350 350 350 USDOE (2011) 

Exposure duration 
(ED) 

 
years 6 6 14 14 30 30 Wang (2007) 

Average life span 
(AT) 

 
days LT×365 LT×365 LT×365 LT×365 LT×365 LT×365 USDOE (2011) 

Lifetime (LT) 
 

years 72 72 72 72 72 72 WHO (2006) 

Surface area (SA) 
 

cm2/day 2800 2800 2800 2800 5700 5700 USDOE (2011) 

Dermal surface 
factor (AF) 

 
mg/cm 0.2 0.2 0.2 0.2 0.07 0.07 USDOE (2011) 

Dermal absorption 
factor (ABS) 

 
Unitless 0.13 0.13 0.13 0.13 0.13 0.13 U.S. EPA (2007) 

Inhalation rate 
(IRinhalation) 

 
m3/day 10.9 10.9 17.7 17.7 17.5 17.5 Wang (2007) 

Particle emission 
factor (PEF) 

m3/kg 1.36×109 1.36×109 1.36×109 1.36×109 
1.36×1

09 
1.36×109 USDOE (2011) 

a Values based on the 2002 National nutrition and health survey  
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4.2.8 Pollution Index and Ecological Risk for Heavy Metals 

To assess the contamination heavy metal levels in the soil, the pollution index 

(PI) and integrated pollution index (IPI) were adopted [240]. The pollution index is 

generally defined as the ratio of the heavy metal concentration to the geometric 

means of the background concentration of the corresponding metal: 

 
𝑃𝐼 =

𝐶𝑖

𝑆𝑖
  (Equation 4.4) 

In this equation, 𝐶𝑖  is the concentration of the soil sample, 𝑆𝑖  is the 

background value. As shown in Table 4.4, three contamination categories are 

classified basing on the PI value. In addition to PI, the IPI is used to evaluate the 

heavy metal contamination level (Table 4.5). IPI is defined as the mean value of PI 

of all considered metals. 

To evaluate the potential ecological risk in the sampling area, a widely used 

ecological risk index (RI) was employed [141]. This method associates the toxicity 

of individual metals with their corresponding environmental effects. RI is defined 

as the sum of risk factors of the heavy metals: 

 RI = ∑𝐸𝑖 (Equation 4.5) 

where 𝐸𝑖  is the individual risk factor for heavy metal i, calculated as: 

 
𝐸𝑖 = 𝑇𝑖𝐹𝑖 = 𝑇𝑖

𝐶𝑖

𝐵𝑖
 (Equation 4.6) 

Where 𝑇𝑖  is the toxic-response factor for heavy metal i . 𝐹𝑖  is the metal 

pollution factor, 𝐶𝑖  is the concentration of metals in soil, and 𝐵𝑖  is the 

background value. According to Hakanson (1980) and Xu et al. (2008), the 𝑇𝑖 

values for Hg, Cd, As, Ni, Cu, Pb, Co, Cr, V, Mn and Zn are 40, 30, 10, 5, 5, 5, 5, 

2, 2, 1 and 1, respectively[141]. Since the 𝑇𝑖 for Ba is undetermined due to a lack 



125 

 

of previous research, it is considered 1. Classifications of RI are given in Table 4.6. 

Table 4.4 Soil contamination level classified by pollution index (PI). 

PI Value Contamination level 

PI ≤ 1.0 Low contamination I 

1.0 ＜ PI ≤ 3.0 Moderate contamination II 

PI ＞ 3.0 High contamination III 

 

Table 4.5 Soil contamination level classified by integrated pollution index (IPI). 

IPI Value Contamination level 

IPI ≤ 1.0 Low contamination I 

1.0 ＜ IPI ≤ 3.0 Moderate contamination II 

IPI ＞ 3.0 High contamination III 

 

Table 4.6 Soil contamination level classified by ecological risk index (RI) [231]. 

RI Value Ecological risk level 

RI ≤ 150 Low potential ecological risk 

150 ＜ RI ≤ 300 Moderate potential ecological risk 

300 ＜ RI ≤ 600 Considerable potential ecological risk 

RI ＞ 600 High potential ecological risk 

 

4.3 Results and Discussion 

4.3.1 Concentrations of PCDD/Fs, PAHs and Heavy Metals in Samples  

4.3.1.1 PCDD/Fs 

The PCDD/Fs in ten soil samples, and the PAHs and heavy metals in 32 soil 

samples were analyzed in this study. Additionally, the PAH concentrations were 

measured in the co-processed fly ash, MSW, sludge, and in four PM2.5 samples 
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collected from the ambient air of the cement plant. 

The concentrations of PCDD/Fs in ten soil samples varied from 1.35 pg I-

TEQ/g (NW2000m) to 2.20 pg I-TEQ/g (SE1200m), respectively (profile and 

recovery are given in Table 4.7). The soil PCDD/F concentrations from this study 

were comparable to those obtained in an investigation conducted near a co-

processing sewage sludge cement plant in Spain (0.94-1.10 pg I-TEQ/g) in 

surrounding soils (Schuhmacher et al., 2009) but were higher (0.14-0.75 pg I-

TEQ/g) than those obtained for another cement plant in Spain that did not co-

process waste [241]. Compared with municipal solid waste incinerators, the 

concentration of PCDD/Fs in the soil sampled for this research was lower. Those 

average concentrations reported from MSW incinerators were 46.5 pg I-TEQ/g in 

Japan [242], 19.06 pg I-TEQ/g in Buchon, Korea [243], and 6.91 pg I-TEQ/g in 

Barcelona, Spain [244]. This result suggested that in terms of PCDD/Fs emission, 

the co-processing of waste and cement had fewer adverse environmental impacts 

than MSW incineration did. To evaluate the contamination level, an investigation 

conducted in Beijing that detected PCDD/Fs in the soil was used as a comparison 

[245]. The concentration of PCDD/Fs from soil samples collected from 

undeveloped land was, on average, 1.48 pg I-TEQ/g. PCDD/F concentrations from 

soil samples collected from forest and agricultural land were, on average, 1.33 and 

4.46 pg I-TEQ/g, respectively. With this reference, there was no distinct difference 

in PCDD/Fs between sampled soils and the background value from undeveloped 

land. This result could be explained by the rigorous restriction on chlorine content 

in co-processing waste, which might limit the formation of PCDD/Fs. Different 

cement production lines have different chloride limitations. 
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Table 4.7 Concentrations and recoveries of PCDD/Fs in ten selected soil samples. 

Analyte 

Concentration (pg/g) 

NE2000

m 

NW2000

m 

SE50

m 

SE800

m 

SE1200

m 

SE2000

m 

SW400

m 

SW800

m 

SW1200

m 

SW2000

m 

2,3,7,8-

TeCDF 
(0.199)a (0.199) 1.42 (0.199) (0.199) 0.574 1.13 0.578 1.096 0.477 

1,2,3,7,8-

PeCDF 
(0.9) (0.9) (0.9) (0.9) (0.9) (0.9) (0.9) (0.9) (0.9) (0.9) 

2,3,4,7,8-

PeCDF 
(0.456) (0.456) (0.456) (0.456) (0.456) (0.456) (0.456) (0.456) 1.212 (0.456) 

1,2,3,4,7,8-

HxCDF 
(0.655) (0.655) (0.655) (0.655) (0.655) (0.655) (0.655) (0.655) 1.41 (0.655) 

1,2,3,6,7,8-

HxCDF 
(0.469) (0.469) 1.17 (0.469) (0.469) (0.469) (0.469) (0.469) 1.19 (0.469) 

2,3,4,6,7,8-

HxCDF 
(0.442) (0.442) 0.95 (0.442) (0.442) (0.442) (0.442) (0.442) 0.124 (0.442) 

1,2,3,7,8,9-

HxCDF 
(0.238) (0.238) 0.851 (0.238) (0.238) (0.238) 0.606 (0.238) (0.238) (0.238) 

1,2,3,4,6,7,8

-HpCDF 
1.33 0.625 2.87 1.02 1.54 2.04 0.606 2.78 4.91 2.00 

1,2,3,4,7,8,9

-HpCDF 
(0.68) (0.68) (0.68) (0.68) (0.68) (0.68) 1.82 (0.68) (0.68) (0.68) 

OCDF 1.61 (0.805) 2.75 (0.805) (0.805) 2.28 (0.805) 6.01 5.00 1.80 
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In general, the chloride content in raw materials for cement should be less than 

0.15% by weight. According to the national standard for common Portland cement 

in China, the Cl-content in the cement should be no higher than 0.06% (GB175—

2007, 7.1). 

Wind direction plays a role in the distribution pattern of PCDD/F. The 

prevailing winds in Beijing blow from north to south for most of the year; thus, 

higher PCDD/F concentrations were found downwind of the cement plant. Among 

the ten soil samples, the highest PCDD/F concentrations occurred in SE1200m 

(2.20 pg I-TEQ/g) and SW1200m (2.15 pg I-TEQ/g), and the lowest PCDD/F 

concentrations were found in NE2000m (1.35 pg I-TEQ/g). The highest 

concentrations occurred at 1200 m. This suggests that the typical distribution range 

for PCDD/Fs in this research could be < 2000 m from the cement plant. Although 

the PCDD/F levels in the sampled soils are below the average level for agricultural 

soil in Beijing, potential environmental risks might still exist in the downwind 

deposition area due to the long-term effects of exposure to the emissions from the 

cement plant. 

4.3.1.2 PAHs 

PAH concentrations were analyzed in alternative materials, including fly ash, 

HW and SS. Four PM2.5 samples from the cement plant were collected to determine 

PAH concentrations in the ambient air. Their concentrations are shown in Table 4.8. 

The levels of ∑16PAHs in PM2.5 collected in ambient air of the cement plant 

were averaged at 315 ng/m3. When comparing data collected from an urban 

monitoring site in Beijing and the PAH concentrations in this study, the samples 

collected were higher than the average value for downtown Beijing during its peak 
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winter heating season (266 ng/m3) [246]. The high level of PAHs in the ambient air 

of the cement plant might pose a potential risk to the local ecosystem, as many of 

the fine particles absorb significant amounts of PAHs and are eventually deposited 

into the soil. Exposure pathways for residents include inhalation, the ingestion of 

contaminated food and direct dermal contact from the polluted soil.  

Table 4.8 PAH concentrations in fly ash, HW, SS, and PM2.5. 

 Fly 

Ash 
HW SS PM2.5 (ng/m3) 

 (mg/kg) 1 2 3 4 

Nap 0.82 0.53 N.D.a 7.46 5.61 5.41 6.12 

AcPy N.D. 2.39 N.D. 6.14 6.39 6.34 5.74 

AcP 0.60 0.42 0.77 13.62 11.83 11.40 13.40 

Flu 0.08 0.25 0.26 6.41 6.69 6.26 7.00 

Phe 2.91 0.84 0.86 14.21 30.72 14.59 20.15 

Ant 0.30 0.16 0.30 3.22 2.96 4.16 5.11 

Fla 2.26 0.62 0.43 36.34 59.31 51.32 53.40 

Pyr 1.13 0.78 0.48 31.58 42.17 38.92 49.99 

BaA 2.03 0.29 0.30 23.34 23.65 23.48 20.42 

Chr 1.92 0.35 0.42 9.63 9.88 9.74 7.23 

BbF 0.52 0.51 0.54 29.57 39.16 36.72 30.21 

BkF 0.46 0.48 0.49 28.79 37.20 35.06 29.35 

BaP 0.25 0.31 0.11 30.26 34.63 33.66 32.44 

DBA N.D. N.D. 0.54 N.D. N.D. N.D. 12.70 

BghiP 0.11 0.17 0.35 15.48 18.32 17.64 16.00 

IND 0.14 0.13 0.81 13.61 19.16 19.00 19.96 

∑16PAHsb 13.53 8.21 6.66 269.64 347.68 313.70 329.24 
a N.D. stands for not detected 

b Total concentrations of 16 individual PAHs 

 

The concentrations of ∑16PAHs in the 32 soil samples surrounding the cement 

plant are given in Figure 4.2. The ∑16PAH concentrations ranged from 130.6 μg/kg 

to 1134.3 μg/kg. The highest ∑16PAH concentrations occurred in NE50m (1085.2 

μg/kg) and SW200m (1134.3 μg/kg). At NE50m, SE50m, and SE200m, BaPeq 

values of seven carcinogenic PAHs (BaA, Chr, BbF, BkF, BaP, DBA, BghiP and 
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IND) were higher than 100 μg/kg. This result indicated that within 200 meters, the 

immediate surroundings might be the most severely affected areas for PAHs emitted 

from the cement plant. In the range of 50 to 1200 meters from the cement kiln, 

∑16PAHs were averaged at 536.7 μg/kg, and for samples from 2000 to 3000 meters, 

the average concentration was 288.7 μg/kg. As a background reference, the 

arithmetic mean of ∑16PAHs in this region was 336 μg/kg [247]. In comparison, 

the concentrations of ∑16PAHs in this study were higher than those in soil samples 

collected surrounding a cement plant in Italy (35 to 545 μg/kg) [234], but were 

lower than those from soil samples collected near an e-waste recycling site in 

southern China (127 to 10,600 μg/kg) [248]. 

 

Figure 4.2 PAH concentrations in soils surrounding the cement plant. 

 

The composition profile of PAHs in the 32 soil samples is given in Figure 4.3, 

and the distribution comparison of PAHs in different sampling ranges is given in 
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Figure 4.4. From 50 to 1200 meters, HMW PAHs (4-6 ring) accounted for 76.8% 

of the total PAH mass. For individual PAHs, Pyr, Phe, and Fla were the most 

abundant congeners, on average, and represented 11.5%, 11.3%, and 10.2% of the 

∑16PAHs, respectively. 

 

Figure 4.3 Composition profile of PAHs in 32 soil samples. 

 

 

Figure 4.4 Distribution comparison of PAHs in different sampling ranges. 

 

These results concurred with those obtained for flue gas samples from a 

previous study on co-firing MSW in coal incinerators [249]. From 2000 to 3000 
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meters, the major congeners were Nap (19.3%), Fla (15.0%) and AcP (13.6%), and 

the percentage of HMW PAHs dropped to 53.1%. The dissimilar PAH profiles at 

different sampling ranges might be caused by various factors, including different 

transport pathways of PAH congeners. Low-molecular-weight (LMW) PAHs, such 

as Nap and AcP, are more volatile than HMW PAHs; thus, in the atmosphere, most 

LMW PAHs remain in the gaseous phase [250]. With their longer range dispersion, 

LMW PAHs are inclined to enter the environment through both the air and surface 

water, whereas HMW PAHs are more likely to accumulate in the surrounding soil 

[251]. Another possible interpretation is that soils in the 2000- to 3000-meter range 

might be affected less by pollutants from the cement plant. Therefore, the PAH 

composition profile is closer to the background. As a possible conclusion, soils 

closer to the cement plant have more PAH contaminates than do soils farther away 

(> 2 kilometers) from the cement plant. 

To investigate the effect of wind on PAH dispersion, four-direction groups of 

samples were compared. It was found that from 50 to 1200 meters away from the 

plant, the PAH concentrations in the northwest direction were the lowest (338 μg/kg 

on average); the prevailing wind in Beijing during the sampling period (the winter) 

is from northwest to southeast. This could explain why the lowest levels of PAH 

concentrations occurred in the northwest direction. However, there was no 

significant difference at the 2000- to 3000-meter range among the four directions. 

This may be because pollutants from the cement plant are deposited already or 

dispersed completely after being transported a relatively long distance. 

For the ∑16PAHs and HMW PAHs in the four sampling directions, the 

deposition trends were largely in accordance with the sampling distance. As the 

distance increased, their concentrations decreased. However, for LMW PAHs, the 
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concentrations of Nap and AcP increased significantly as the distance increased 

(Figure 4.3). These observations revealed that there were two factors influencing 

the PAH concentrations in the sampled soil: (1) the direction of the prevailing wind, 

and (2) the distance from the cement plant to the sample site. 

4.3.1.3 Heavy Metals  

The concentrations of heavy metals in fly ash, sewage sludge, and hazardous 

materials co-processed in this cement plant were analyzed in previous research 

[231]. In this study, the soil sample amount was increased to ensure reliability when 

determining the contamination levels for heavy metals. Detailed statistics of heavy 

metal concentrations (minimum, maximum, mean, standard deviation, variation 

coefficients, skewness, and kurtosis) and soil properties (pH, total organic carbon 

and granulometric composition) are shown in Table 4.9. 

Table 4.9 Heavy metal concentrations and soil properties of sampling area. 

 

Concentration (mg/kg) 

S.D.a C.V.b 
Skewnes

s 
Kurtosis  

Mean Minimum Maximum 

As 7.38 3.24 14.04 7.38 0.37 0.45 -0.4 

Ba 374.22 203.07 509.63 374.22 0.24 -0.15 -1.22 

Cd 0.21 0.09 0.4 0.21 0.41 0.69 -0.39 

Co 5.75 3 11.27 5.75 0.39 0.71 -0.35 

Cr 51.56 18.77 112.66 51.56 0.5 0.29 -0.69 

Cu 20.75 7.17 76.08 20.74 0.66 2.79 9.15 

Ni 12.09 6.08 18.77 12.09 0.31 0.09 -1.01 

Pb 25.85 12.77 40.24 6.82 0.26 0.24 -0.21 

Zn 57.21 33.25 98.26 20.42 0.36 0.84 -0.5 

Mn 374.19 207.17 564.39 109.95 0.29 0.06 -1.37 

V 42.03 20.76 66.48 12.27 0.29 0.26 -0.97 

Hg 0.19 0.04 0.47 0.12 0.64 0.92 0.12 
a S.D. stands for standard deviation  
b C.V. stands for variation coefficients 
c pH values ranged from 6.63 ∼ 7.76; TOC ranged from 2.9% ∼ 64.85%; sand 

took the major granulometric composition (81.5%). 
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Based on PI values at the 32 sampling sites, the anthropogenic accumulation 

level of heavy metals could be assessed in the following order: mercury (Hg) > 

cadmium (Cd) > lead (Pb) > zinc (Zn) > arsenic (As) > chromium (Cr) = copper 

(Cu) > manganese (Mn) > barium (Ba) > vanadium (V) = cobalt (Co) > nickel (Ni). 

Four of the most volatile metals, Hg>Cd>Pb=Zn, took the top four ranks, 

respectively. Large proportions of nonvolatile metals such as Co, Cu, Mn, V, and 

Cr were trapped in the clinker. This result indicates that the volatility of the metals 

might largely determine their distribution patterns and concentration levels in the 

ambient environment. According to the pollution index (PI), the sampling area was 

heavily polluted by Hg (75% of the samples’ PI > 3) and moderately polluted by 

Cd (84% of the samples’ PI > 1) (given in Table 4.10).  
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Table 4.10 PI values (Cd & Hg), IPI values, and contamination level. 

Sampling 

Site 

PI 

Cd 

Contamination 

level 

PI 

Hg 

Contamination 

level 
IPI 

Contamination 

level (average) 

NE50 1.89 II 4.06 III 1.28 II 

NE200 2.24 II 15.13 III 1.87 II 

NE400 2.11 II 5.97 III 1.50 II 

NE800 1.71 II 2.52 II 1.00 I 

NE1200 1.79 II 2.52 II 1.15 II 

NE2000 1.47 II 6.90 III 1.17 II 

NE2500 1.23 II 13.77 III 1.70 II 

NE3000 0.97 I 4.19 III 0.88 I 

NW50 0.83 I 1.58 II 0.71 I 

NW200 2.08 II 5.23 III 1.27 II 

NW400 0.73 I 9.52 III 1.34 II 

NW800 3.12 III 6.52 III 1.77 II 

NW1200 1.34 II 9.81 III 1.36 II 

NW2000 1.14 II 1.84 II 0.64 I 

NW2500 1.34 II 8.65 III 1.22 II 

NW3000 1.09 II 6.65 III 1.08 II 

SE50 1.30 II 5.84 III 1.26 II 

SE200 1.20 II 1.16 II 0.99 I 

SE400 2.07 II 4.13 III 1.41 II 

SE800 0.88 I 1.61 II 0.75 I 

SE1200 2.53 II 5.45 III 1.35 II 

SE2000 2.69 II 6.03 III 1.46 II 

SE2500 3.25 II 1.55 II 1.28 II 

SE3000 3.36 III 5.06 III 1.59 II 

SW50 1.87 I 2.65 II 1.04 II 

SW200 2.30 II 8.16 III 1.72 II 

SW400 1.90 II 3.32 III 1.22 II 

SW800 1.65 II 8.97 III 1.61 II 

SW1200 1.13 II 4.16 III 1.14 II 

SW2000 1.16 II 14.32 III 1.68 II 

SW2500 2.88 II 3.71 III 1.41 II 

SW3000 1.36 II 12.93 III 1.69 II 
 

It is worth noting that the concentration of Hg in the co-processed sewage 

sludge (6 mg/kg) exceeded the maximum allowed value for co-processing in 

cement kilns (4 mg/kg) (Environmental protection technical specification for co-
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processing of solid waste in cement kiln, HJ662-2013). Thus, high Hg levels in the 

surrounding soil might be attributed to the high content of Hg in the co-processed 

sludge and solid waste. Compared to coal-powered cement kilns, kilns that co-

process waste have higher Hg emissions. For Cd, the high concentration observed 

in the soil samples might be attributed to the large amount of limestone used as raw 

material for cement. Although the concentrations of Cd are also high in sewage 

sludge and hazardous waste, the input proportion of limestone was much higher 

than those found in sewage sludge and hazardous waste. For the remaining heavy 

metals in this research, their concentrations did not significantly differ from the 

background values. Thus, the sampled soils were considered to be unpolluted with 

heavy metals, including V, Mn, Cr, Co, Ni, Cu, Zn, As, Ba, and Pb. According to 

the environmental quality standard for soils in China (GB15618-1995), all the 

samples were within the limitation of Standard II and considered uncontaminated. 

However, referring to the IPI value as the criteria (Table 4.10), 81% of soil samples 

were classified as moderately contaminated (1.0＜IPI ≤ 3.0). 

To check the normality of the heavy metal data, one sample Kolmogorov-

Smirnov test was conducted. Except for Cr, Cu, and Zn, the remaining heavy metals 

were normally distributed (significance level > 0.05). Cu and Zn were in accordance 

with a lognormal distribution. Skewness values of Cu, Hg, and Zn were higher than 

0.8, which indicated the abnormal distribution of these three metals. According to 

variation coefficients (VCs), four metals were selected: Cd, Cr, Cu and Hg, which 

had VCs higher than 0.4. It has been reported that heavy metals dominated by 

anthropogenic sources might display high VCs [252, 253]. In this research, for Cd 

and Hg, high VC suggested a potential impact from anthropogenic sources. 

However, for Cu, a few concentration outliers (e.g., Cu at NE1200m and SE400m, 
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Cr at NW800m) were observed, leading to the high VC values of Cu and Cr. These 

values could be attributed to various factors such as soil properties, other exogenous 

interferences, meteorological conditions, and atmospheric particle matters that 

absorbed heavy metals [254]. 

Compared with soil samples collected in the vicinity of other cement plants, 

the concentrations of heavy metals in this study were generally higher than those in 

Spain [233] but somewhat lower than those in Argentina (580 mg Ba/kg, 12.1 mg 

Co/kg, 92.5 Zn mg/kg) [255]. In addition, the concentrations of Pb and Cd in soils 

surrounding a cement plant in Jordan were higher in this research (55 mg Pb/kg and 

5 mg Cd/kg) [256]. 

4.3.2 Source Identification of PAHs and Heavy Metals in Soil 

PAHs and heavy metals in the environment are attributed to two types of 

sources: natural and anthropogenic. Moreover, for PAHs, the classification of 

pyrogenic and petrogenic sources is commonly adopted. HMW PAHs are typically 

generated at higher temperatures than LMW PAHs [257]. Therefore, a high 

abundance of HMW PAHs suggests that pyrogenic sources are major contributors 

rather than petrogenic sources. For Hg, coal combustion is one of the largest 

contemporary anthropogenic sources [258]. Due to nonhomogeneous land use in 

the sampling area, PAHs and heavy metals in the sampling soil might be attributed 

to varied sources. Identifying the sources of PAHs and heavy metals is necessary to 

evaluate the related environmental impact. 

4.3.2.1 Source of PAHs in Soil  

To identify the potential sources of PAHs in the 32 soil samples, multi-

statistical analysis methods were adopted. Pearson correlation between specific 
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PAHs has been widely used to identify whether sources are consistent. From the 

correlation coefficient matrix of individual PAHs and TOC (given in Table 4.11), it 

was found that 80% of the LMW PAHs were strongly correlated and that 100% of 

the HMW PAHs were strongly correlated. This result suggested that the sources of 

HMW PAHs tended to be more consistent, whereas LMW PAHs might have diverse 

sources. 
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Table 4.11 Correlation coefficient matrix of individual PAHs and TOC. 

  Nap AcPy AcP Flu Phe Ant Fla Pyr BaA Chr BbF BkF BaP DBA BghiP IND 16PAH TOC LMW HMW 

Nap 1.00  
                   

AcPy .411* 1.00  
                  

AcP .507** .606** 1.00  
                 

Flu .552** .759** .597** 1.00  
                

Phe -.366* .515** -0.08  0.24  1.00  
               

AnT -0.16  .482** .383* .432* .582** 1.00  
              

Fla 0.22  .756** .488** .725** .457** .652** 1.00  
             

Pyr -0.28  .378* 0.16  0.17  .699** .672** .558** 1.00  
            

BaA -.462** .456** 0.03  0.29  .778** .764** .625** .669** 1.00  
           

Chr -0.12  .677** 0.28  .515** .682** .761** .896** .712** .860** 1.00  
          

BbF -.425* .533** 0.08  0.29  .802** .726** .706** .748** .949** .925** 1.00  
         

BkF -.515** .446* -0.05  0.18  .846** .690** .582** .753** .942** .851** .980** 1.00  
        

BaP -.598** 0.33  -0.09  0.09  .797** .681** .470** .708** .935** .770** .933** .970** 1.00  
       

DBA -0.23  .712** 0.23  .441* .813** .677** .588** .588** .882** .779** .855** .849** .833** 1.00  
      

BghiP -.409* .553** 0.03  0.25  .885** .605** .540** .756** .883** .789** .918** .944** .906** .907** 1.00  
     

IND -.385* .611** 0.09  0.30  .871** .666** .589** .725** .910** .824** .942** .959** .921** .941** .983** 1.00  
    

16 

PAH 

-0.12  .710** .380* .569** .740** .849** .869** .788** .866** .960** .913** .851** .786** .828** .817** .854** 1.00  
   

TOCa -0.13  0.26  0.24  0.23  0.29  0.34  .444* .438* 0.25  .445* .356* 0.29  0.27  0.20  0.26  0.27  .449** 1.0 
  

LMWb .586** .875** .730** .862** .375* .492** .756** .401* 0.26  .563** 0.34  0.24  0.12  .472** 0.34  .374* .653** 0.32  1.00  
 

HMWc -0.31  .590** 0.23  .405* .772** .814** .787** .812** .932** .952** .973** .935** .896** .853** .883** .911** .972** .432* .472** 1 

 
a TOC stands for total organic carbon 
b LMW stands for low molecular weight PAHs 
c HMW stands for high molecular weight PAHs 
* Correlation is significant at the 0.05 level (two-tailed); ** Correlation is significant at the 0.01 level (two-tailed) 
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Principal component analysis (PCA) was employed to investigate the potential 

sources of PAHs. In this research, log-transformed PAH concentrations were used 

to perform PCA. Two principal components (PC1 and PC2) with eigenvalues >1 

were extracted, which accounted for the majority (84.24%) of the total variance in 

the ∑PAH data (Table 4.12). The plot with the loadings of 16 PAHs on PC1 and 

PC2 from principal component analysis is shown in Figure 4.5.  

Table 4.12 Principal component analysis for PAHs. 

Variable 
Principal Component 

1 2 

Nap -0.31 0.87 

AcPy 0.65 0.66 

AcP 0.19 0.80 

Flu 0.41 0.80 

Phe 0.85 -0.19 

AnT 0.79 0.16 

Fla 0.74 0.53 

Pyr 0.78 -0.09 

BaA 0.94 -0.17 

Chr 0.92 0.19 

BbF 0.97 -0.12 

BkF 0.95 -0.27 

BaP 0.91 -0.36 

DBA 0.92 0.05 

BghiP 0.94 -0.18 

IND 0.97 -0.12 

 

PC1 accounts for 64.54% of the total variance, with strong loadings on Phe, 

BaA, Chr, BbF, BkF, BaP, DBA, BghiP, and IND. Of these, Phe, Chr, BaP, and 

BghiP are typical tracers of coal combustion [259, 260]. In addition to coal 

combustion, BbF and BkF are components of fossil fuels and are thus associated 

with their combustion products [261]; BaA and Chr often originate from the 

combustion of both diesel fuels and natural gas [262], and BkF and BghiP are 

associated with traffic emissions [263-265]. Considering that coal combustion 
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production composed the largest proportion in this part, PC1 mainly represented 

mixed sources leading by coal, followed by petroleum combustion. PC2 accounted 

for 19.70% of the total variance in the data, which were mainly loaded with 2- and 

3-ring PAHs (Nap, AcPy, AcP, Flu). This finding indicated that petrogenic sources 

might be the major contributor of PC2 [266]. 

 

Figure 4.5 Scatterplot of PCA for PAHs. 

 

Congener composition analysis was also used to discriminate the potential 

sources of PAHs in this study. Different congener-pair ratios have been reported to 

identify specific types of pyrogenic sources [267-269]. Through scatterplots of the 

selected congener-pair ratios, potential sources were evaluated by the position of 

each sampling site on the axis. According to the scatterplot for BaP/BghiP (x-axis) 

and IND/(IND + BghiP) (y-axis), 22% of the sampling sites were influenced by 

mixed sources, most of which were in the 2000- to 3000-meter range from the 

cement plant (Figure 4.6(a)). The remaining 78% of soils sampled, were mainly 

affected by coal combustion (Peng et al., 2011). In the scatterplot for IND/(IND + 
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BghiP) and BaA/(BaA + Chr), 72% of the sampling sites were predominantly 

affected by coal combustion, and 28% were predominantly affected by petroleum 

combustion (Figure 4.6 (b)). Similar proportions were obtained from the scatterplot 

for Ant/(Ant+Phe) and Fla/(Fla+Pyr). In this plot, 59% of the soils sampled were 

mainly affected by coal and biomass combustion, 31% were affected by petroleum 

combustion, and 9% were affected by petroleum production and leaching (Figure 

4.6 (c)). The cement plant consumes the largest amount of coal in the sampling area. 

Petroleum combustion in this research might involve not only transportation 

activities but also the co-processing of waste lubrication oil from the automobile 

sales services shop in the cement kiln. Based on the above analysis, it could be 

inferred that the cement plant co-processing waste might be the dominant 

contributor of PAHs and Hg contamination in the surroundings. 

 

(a) BaP/BghiP versus IND/(IND+BghiP) 

 



143 

 

 

(b) IND/(IND+BghiP) versus BaA/(BaA+Chr) 

 

 

(c) Ant/(Ant+Phe) versus Fla/(Fla+Pyr) 

Figure 4.6 PAH congener diagnose cross plot: 

(a). BaP/BghiP versus IND/(IND+BghiP);  

(b). IND/(IND+BghiP) versus BaA/(BaA+Chr);  

(c). Ant/(Ant+Phe) versus Fla/(Fla+Pyr). 
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4.3.2.2 Source of Heavy Metals in Soil 

In the co-incineration process, trace elements in the feedstock might be 

volatilized in the hyperthermal rotary kiln and then condense in the cooling stage. 

Different heavy metals have disparate volatilities, so their distribution behaviors 

might be varied. It has been reported that nonvolatile metals were largely trapped 

in the clinker; semi volatile metals were partly incorporated into the clinker, and the 

rest might condense on the fine particles [231]. For highly volatile elements such 

as Hg, 90% of the total partitions were vaporized and emitted into the atmosphere 

[270].  

Based on the conservation of elements, the emitted Hg is attributed to Hg 

content in fuels and other raw materials feeding into the cement kiln. Referring to 

our previous study that investigated trace element contents in raw materials, 

collected from the same cement plant, concentrations of Hg in municipal sewage 

sludge (6 mg/kg) and hazardous waste (3 mg/kg) were largely higher than those in 

coal (0.1 mg/kg) [231]. When comparing the individual Hg contributions from 

different raw materials, sewage sludge was the major contributor (49.0%), followed 

by coal (24.8%) and hazardous waste (10.4%) [231]. According to the global 

anthropogenic mercury emission inventory, the largest emission of Hg to the 

atmosphere occurs from the combustion of fossil fuels, especially from coal-fired 

industries [271, 272]. In this cement plant, two times more Hg is contributed by the 

co-processed sewage sludge than is produced by coal, and hazardous waste is a 

significant important source of Hg. Large amounts of Hg from raw materials were 

volatized, emitted to the ambient air, and resulted in the Hg contamination of 

surrounding soils. In addition to Hg, other semi volatile metals (e.g., Pb and Zn) 

might enter the ambient environment through similar pathways. 
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To depict the distribution patterns and identify other potential sources for the 

heavy metals found in the soil, multivariate statistical approaches were conducted, 

including PCA and Pearson correlation analysis. 

According to the PCA result, two principal components with the 

eigenvalues >1 were extracted, which accounted for 84.24% of the total variance 

(Table 4.13 & Figure 4.7). In PC1 (accounting for 61.54%), V, Mn, Co, Ni, As, and 

Ba took the major loadings. In PC2 (accounting for 19.70%), Zn, Cd, Hg, and Pb 

were the main contributors. Accordingly, heavy metals were divided into the PC1 

and PC2 groups. Cu and Cr were not included in either of these groups. The 

grouping was largely consistent with the classification from the Pearson correlation 

analysis.  

Table 4.13 Principal component analysis for heavy metals. 

Variable 
Principal Component 

1 2 

V 0.95 -0.03 

Cr 0.60 -0.54 

Mn 0.92 -0.13 

Co 0.89 0.01 

Ni 0.87 -0.17 

Cu 0.45 -0.22 

Zn 0.76 0.49 

As 0.85 -0.12 

Cd 0.76 0.53 

Ba 0.83 -0.13 

 Hg -0.49 0.56 

Pb 0.76 0.53 
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Figure 4.7 Scatterplot of PCA for heavy metals. 

 

According to the correlation coefficient matrix given in Table 4.14, one group 

of elements, including V, Mn, Co, Ni, As, Ba, and Cd, displayed strong positive 

correlations with most metals except Hg at P<0.01. The other group of heavy metals, 

including Pb, Zn, Cu, and Cr, only showed strong positive correlations with partial 

metals. Differing from these two groups of positively correlated metals, Hg showed 

negative correlations with the rest of the metals. This might be due to the high 

volatility of Hg. It has been commonly recognized from PCA and correlation 

analysis that each group of metals may have similar characteristics and origins. 

Combining the results of PI, PCA, and correlation analysis with the volatility of the 

metals, the 12 metals attributed from two sources were divided into two groups: 1). 

Hg, Cd, Pb, and Zn, as the most enriched and volatile metals, might be attributed to 

the cement plant’s emissions. 2). For the rest of the heavy metals, As, Ba, Co, Cr, 

Cu, Mn, Ni, and V, the cement plant may not be the primary contributor to the heavy 

metal contamination in the soil. Because their concentrations were similar to or 

lower than the background levels, lithogenic input might be the dominant source. 
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Table 4.14 Correlation coefficient matrix for heavy metals and pH. 

 
V Cr Mn Co Ni Cu Zn As Cd Ba Hg Pb pH 

V 1 

            

Cr .492** 1 

           

Mn .965** .532** 1 

          

Co .828** .555** .795** 1 

         

Ni .832** .500** .811** .876** 1 

        

Cu .357* 0.337 .376* 0.267 .391* 1 

       

Zn .710** 0.185 .645** .657** .555** 0.156 1 

      

As .837** .558** .835** .774** .831** 0.223 .532** 1 

     

Cd .654** 0.244 .570** .608** .488** .368* .837** .487** 1 

    

Ba .746** .651** .758** .588** .578** .489** .561** .640** .682** 1 

   

Hg -.482** -.414* -.475** -.379* -.496** -0.27 -0.237 -0.347 -0.113 -.436* 1 

  

Pb .659** 0.213 .556** .704** .577** 0.293 .772** .566** .865** .535** -0.123 1 

 

pH 0.13 -0.092 0.038 -0.079 -0.034 -0.138 0.282 0.135 0.298 0.165 -0.061 0.163 1 
* Correlation is significant at the 0.05 level (two-tailed); ** Correlation is significant at the 0.01 level (two-tailed) 
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4.3.3 Relationship Between PAHs, Heavy Metals, and Soil Properties (pH, TOC, 

and granulometric composition) 

The soil granulometric compositions from four sampling directions are given 

in Table 4.15. It was found that the proportions of sand, silt, and clay in the four-

direction soils were similar. This result indicated that there was little difference in 

the pollutant absorbability among the different soil samples. 

Table 4.15 Mechanical composition of soil samples from four directions. 

Sampling 

direction 

Coarse sand  

(0.2 ~ 2mm), % 

Fine sand  

(0.02 ~ 0.2 mm), % 

Silt 

(0.002 ~ 0.02 

mm), % 

Clay 

(< 0.002 mm), % 

NE 33.2 45.8 16.0 5.0 

NW 45.4 34.6 17.0 3.0 

SE 39.5 41.5 17.0 2.0 

SW 43.1 42.9 11.0 3.0 

 

In this study, the correlations between PAHs and heavy metals were generally 

insignificant (Table 4.16). Nap and AcP showed slight negative correlations with 

heavy metals, and Hg had slight negative correlations with HMW PAHs. However, 

some of the HMW PAHs were positively correlated with Cr, Mn, As, and Ba, but 

not significantly so. The lack of correlation between PAHs and heavy metals 

suggested that the PAHs and heavy metals in the sampling area might have 

originated from different sources. However, there were two other possible 

explanations: 1). The distribution patterns of PAHs and heavy metals varied from 

each other and 2). adsorption competition between PAHs and heavy metals might 

exist in the soil. The three possible reasons might also combine and interact, leading 

to the observed phenomenon. Apart from the low correlation between PAHs and 

heavy metals, both PAHs and heavy metals showed little correlation with TOC and 

pH. Referring to previous studies, the lack of correlations among PAHs with TOC, 
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PAHs with heavy metals, and heavy metals with pH has been reported. Katsoyiannis 

and Katsoyiannis (2006) posited that if the accumulation of contaminants in the soil 

is continuous, a low correlation is possible until equilibrium is reached [273]. 
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Table 4.16 Correlation matrices between PAHs and heavy metals. 

 
V Cr Mn Co Ni Cu Zn As Cd Ba Hg Pb pH 

Nap -0.129 -0.318 -0.154 -0.142 -0.108 0.016 -0.212 -0.289 -0.13 -0.17 0.172 -0.08 -0.12 

AcPy 0.165 0.057 0.239 -0.013 0.127 0.12 -0.174 0.121 -0.08 0.226 -0.016 -0.186 -0.083 

AcP -0.151 -.386* -0.181 -0.284 -0.222 0.013 -0.072 -0.268 -0.055 -0.049 0.133 -0.152 -0.031 

Flu 0.14 -0.143 0.159 -0.004 0.04 -0.012 -0.017 0.104 0.05 0.095 0.206 0.004 0.121 

Phe 0.278 .505** .394* 0.127 0.197 0.084 -0.018 .445* 0.071 .504** -0.13 -0.061 0.171 

AnT 0.179 0.04 0.207 -0.029 0.088 0.018 0.145 0.265 0.099 0.304 -0.088 0.088 0.032 

Fla 0.194 -0.002 0.231 0.013 0.096 -0.067 0.006 0.262 -0.043 0.15 0.063 -0.026 0.087 

Pyr 0.076 0.263 0.164 -0.034 0.006 -0.026 -0.013 0.266 -0.094 0.191 -0.059 -0.133 0.068 

BaA 0.215 0.28 0.309 0.003 0.111 0.063 0.027 .422* 0.005 0.293 -0.039 -0.045 0.025 

Chr 0.243 0.216 0.316 0.036 0.124 0.038 0.039 0.344 0.009 0.283 0.001 -0.019 0.034 

BbF 0.282 .356* .370* 0.084 0.165 0.095 0.073 .424* 0.058 .367* -0.043 -0.014 0.027 

BkF 0.327 .446* .421* 0.143 0.213 0.123 0.104 .476** 0.093 .421* -0.097 0.016 0.014 

BaP 0.275 .432* .373* 0.084 0.162 0.12 0.109 .440* 0.082 .417* -0.13 -0.019 -0.008 

DBA 0.178 0.304 0.299 -0.036 0.068 0.128 -0.113 0.292 -0.037 .349* -0.065 -0.173 -0.084 

BghiP 0.231 .448* .355* 0.049 0.115 0.128 -0.07 .377* -0.034 .382* -0.069 -0.152 -0.028 

IND 0.296 .427* .405* 0.098 0.188 0.156 -0.004 .416* 0.031 .414* -0.12 -0.087 -0.029 

16PAHs 0.228 0.189 0.306 0.012 0.105 0.031 0.055 0.344 0.025 0.315 0.01 -0.039 0.065 

LMW 0.109 -0.067 0.141 -0.049 0.031 0 -0.074 0.073 -0.002 0.182 0.121 -0.088 0.1 

HMW 0.228 0.28 0.317 0.028 0.106 0.048 0.057 .378* 0.016 0.33 -0.04 -0.05 0.033 

TOC -0.019 -0.017 0.023 0.033 0.012 -0.286 0.059 0.04 -0.038 0.047 -0.09 -0.059 0.269 
a TOC stands for total organic carbon 
b LMW stands for low molecular weight PAHs 
c HMW stands for high molecular weight PAHs 
* Correlation is significant at the 0.05 level (two-tailed); ** Correlation is significant at the 0.01 level (two-tailed)  
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4.3.4 Risk Assessment of PAHs and Heavy Metals for Sampling Area 

4.3.4.1 Incremental Life Cancer Assessment for PAHs 

To evaluate the potential health risks caused by PAHs in the area, the ILCR 

model was adopted in this research. There are three exposure routes calculated in 

ILCRs: ingestion, dermal contact, and inhalation. Comparing the impact level 

among the three routes, dermal contact > ingestion > inhalation. Because the ILCRs 

of inhalation were approximately 105 times lower than those for dermal contact or 

ingestion, inhalation is negligible to the total ILCRs. The total ILCR values for each 

sampling site are shown in Figure 4.8, and detailed data are given in Table 4.17.  

 

Figure 4.8 ILCRs exposed to PAHs at 32 sampling sites. 

 

The exposed population was stratified by gender and age (child, adolescent 

and adult). In general, the sum of ICLRs for adolescents was lowest compared to 

those for children and adults [239]. It has been reported that when an ILCR value 
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is lower than 10-6, the corresponding cancer risk is insignificant; when an ILCR 

value is larger than 10-4, a potentially high risk may exist [236]. In this study, the 

total ICLRs ranged from 10-6 to 10-8. The highest risk was at NE50m, and the lowest 

risk was at SE3000m, indicating that risk decreased as the distance to the cement 

plant increased. This trend can be seen in Figure 4.8. At upwind directions 

(NE&NW), the ILCRs for soils collected from 2000 to 3000 meters could be 

considered virtually safe. At downwind directions (SE and SW), soils from 1200 

meters away from the cement plant were free from cancer risk. Stricter emission 

standards might be needed to minimize negative impacts on the surrounding 

environment and populations, especially for those within a 2000-meter range of the 

cement plant.  

Table 4.17 Total ILCRS for residents living surrounding the cement plant. 

ILCRs 
Child Adolescent Adult 

Male Female Male Female Male Female 

Maximum 1.47×10-6 1.52×10-6 1.19×10-6 1.24×10-6 1.70×10-6 1.86×10-6 

Minimum 3.94×10-8 4.07×10-8 3.18×10-8 3.31×10-8 4.54×10-8 4.98×10-8 

Mean 5.70×10-7 5.90×10-7 4.61×10-7 4.79×10-7 6.57×10-7 7.30×10-7 

Median 5.97×10-7 6.17×10-7 4.82×10-7 5.01×10-7 6.88×10-7 7.54×10-7 

 

4.3.4.2 Potential Ecological Risk Index for Heavy Metals  

To assess the degree of heavy metals accumulation in the sampled soil, 

potential ecological risk index by Hakanson was employed. This evaluation was 

based on the toxicity of heavy metals and the corresponding response of 

environment. According to Hakanson’s classification, three sites posed very high 

ecological risks, three sites posed high ecological risks, 15 sites posed considerable 

ecological risks, ten sites showed moderate ecological risks, and only four sites 
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were under low ecological risks. Since the most enriched metal in the sampling area 

was Hg, and the toxic factor of Hg is the highest, the RI value in sampling soil was 

generally high (Figure 4.9).  

As the major contributor of Hg, co-incinerating of sewage sludge, hazardous 

waste and coal is the main reason for the higher ecological risk.  

 

Figure 4.9 Ecological Risk Index for 32 sampling soils. 

 

4.4 Conclusions 

Pollutants including PCDD/Fs, PAHs and heavy metals were analyzed in soil 

samples collected surrounding the co-processing cement plant. Compared to 

PCDD/Fs, the contamination degrees of Hg and PAHs in the surrounding soil are 

more serious. Lower levels of PAHs in upwind direction revealed that the co-

processing cement plant might be the major contributor. Based on source 

identification, PCA analysis and congener-ratio diagnosis, similar conclusion could 
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be drawn. For heavy metals, the most volatile metals, i.e., Hg, Cd, Pb, and Zn, are 

four of the most enriched metals in soil. The volatility of metals is the main factor 

that influence their distribution patterns in the cement kiln and determine their 

concentrations in the ambient environment. The average concentration of Hg in the 

sampled soils was six times higher than the background values. The cement plant 

co-processing sludge and hazardous waste might release more Hg than the mono-

combustion of coal. PCDD/F levels in ten soil samples were similar with the unused 

land in Beijing. This might be due to the strict regulation of chloride content in the 

feedstocks of the cement kiln. However, in the downwind direction 1200 meters 

from the cement plant, a typical PCDD/Fs deposition area might exist. From the 

environmental risk assessment, PAHs and heavy metals have posed various degrees 

of potential risks to the surrounding residents and ecosystem. Since the trend in the 

cement industry is to move from traditional coal-firing to co-processing of waste in 

cement plants, it is of great significance to investigate these environmental 

contaminants further and assess their related environmental impacts on nearby 

populations and the environment. 
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Chapter 5  

SPATIAL DISTRIBUTION AND SOURCE IDENTIFICATION 

OF EPFRs SURROUNDING WASTE INCINERATORS   

5.1 Introduction 

Apart from investigating distribution patterns of traditional pollutants, the 

spatial distribution of environmentally persistent free radicals (EPFRs), an 

emerging category of pollutants were also attracting increasing attention [62].  

Stable radicals could exist in atmospheric PM and the soil, bringing potential 

adverse health effects because of their bioactivity [64, 70, 274-276]. Unlike the 

short-lived free radicals such as superoxide radicals and hydroxyl radicals, EPFRs 

could steadily persist in the environment from hours to months, or even years [65, 

70, 277]. Biotoxicological studies have found that the generation of ROS could be 

induced from EPFRs under catalytic agents, causing oxidative stress and 

subsequently DNA damage [64, 70, 78]. In addition, animal experiments have 

reported cardiac and pulmonary injury when comparable concentration of EPFRs 

in ambient PM were inhaled [68, 79-81]. In the transportation process, the long-

lived EPFRs bound to ambient particles pose potential risks to human health. 

Investigating the spatial distribution characteristics of EPFRs could provide a more 

comprehensive understanding on potential health risk exposed by the population. 

While the existence of persistent free radicals in coals, soot, and cigarette 

smoke has been reported as early as the 1950s, the first quantitative determination 

of EPFR concentrations in atmospheric PM2.5 were only conducted in Baton Rouge, 
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Louisiana in 2008. The results showed that the EPFR levels ranged from 2.46 × 1016 

to 2.79 × 1017 spins/g, and the inhaled EPFRs per person per day was estimated as 

the equivalent smoking 0.3 to 0.9 cigarettes[65]. In the last five years, growing 

evidences of the potential negative effects induced by EPFRs led to investigations 

of atmospheric EPFR concentration levels in multiple countries. Following Gehling 

and Dellinger, research groups in Saudi Arabia [278], Germany [279], and China 

[280-282] began to investigate the concentrations of EPFRs in local airborne 

particles. When comparing these studies from different regions with differing 

population densities, energy structure, and ambient air quality, there are one or two 

orders of magnitude differences existing among the average EPFR concentration 

levels. In addition, using cascade impactors, Arangio et al. (2016) and Yang et al. 

(2017) investigated the size-resolved EPFR concentrations and suggested that they 

were mainly bound to fine particles with a diameter smaller than 1 μm [279]. 

Recently, Chen et al. (2019) analyzed the correlation of EPFRs with other 

conventional pollutants, suggesting that coal firing and traffic might be important 

sources of EPFRs [281]. In addition, biomass burning has also been identified as an 

origin of atmospheric EPFRs [280]. However, a more precise estimation of the 

contribution fraction of EPFR sources remains as a gap in the literature.  

Before identifying potential sources of airborne EPFRs, the formation 

mechanisms of EPFRs need to be comprehensively understood. Conventionally, 

PM from primary emission in combustion or thermal processing has been 

considered as the most important sources of EPFRs in the atmosphere [61, 283]. 

Yet this source alone cannot explain the ubiquity of EPFRs in the environment, 

especially where there is no stationary combustion emission. Apart from the 

atmospheric emission, EPFRs can be generated in organic-contaminated soils and 
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the related formation mechanisms have been reported [64, 276, 284-286]. Aromatic 

compounds including chlorophenols, chlorobenzenes, PAHs, and PCBs are 

identified as EPFR precursors and interact with transition metals in soil. Although 

these findings indicate that EPFRs in the atmosphere might originally be formed in 

the soil and then blown by the wind, the contribution proportion of this source has 

not been discussed in airborne EPFR source identification. Currently, there are three 

approaches to understanding the possible contributors of atmospheric EPFRs: (1) 

identifying the EPFR structure through the g-value, and then comparing it with 

known g-values of primary particulates collected from typical air pollution sources 

[280]; (2) analyzing the correlations between EPFR concentrations with 

conventional pollutants which are tracers of certain pollutions sources, such as SO2, 

NOx, O3, organic carbon (OC), and elemental carbon (EC) [281]; (3) investigating 

EPFR levels in an area, identifying the “hotspot”, and searching the possible 

sources according to the local land use map [76]. While previous studies used 

innovative methods to identify airborne EPFR sources, their samples were mainly 

collected from a few selected points. Studies investigating how EPFR exposure 

impacts human health in a large-scale area are limited. In addition, our knowledge 

of the generation pathways, transportation patterns, distribution characteristics and 

contributor fractions of EPFRs in the environment is still deficient. 

Generally, a high-volume active sampler is used to collect airborne particles 

for EPFR determinations. Although this method can provide regular long-term 

monitoring, it is not suitable for synchronous sampling in wild, remote, or spread 

out sampling areas. Due to these limitations, information on distribution 

characteristics and potential source identification of EPFRs is scarce. Currently, 

there is only one study focusing on airborne EPFR spatial distribution and 
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identifying potential “hotspot” of EPFRs over a 32.9 km × 28.4 km area in Memphis, 

Tennessee [76]. In that research, EPFR levels were measured in particles collected 

from tree leaves in 107 sampling sites, and the method has been proved robust. 

However, since all leaf samples were collected within a 500m buffer zone of major 

roadways and point sources, the predicted EPFR concentrations (through kriging 

interpolation) for relatively wild areas tended to be overrated. Accurately mapping 

the distribution patterns of EPFRs is important for identifying their potential 

sources and sufficient effective data is still lacking. 

Here, we applied the spatial pyhtosampling method developed by Oyana et al. 

(2017), and extended the research scale to five sampling areas in northern, eastern, 

and southern China [76]. Each sampling area had different potential air pollution 

sources. The objectives of this study are: (1) to establish a general understanding of 

the concentration levels of airborne EPFRs in multiple regions around China; (2) to 

trace the possible origins and formation mechanisms of the EPFRs collected from 

tree leaves through their distribution patterns; (3) to identify whether the waste 

incineration industry is an important source of atmospheric EPFRs and to estimate 

the proportions of individual contributors; (4) to summarize the species 

characteristics and decay patterns of EPFRs collected from leaf samples. The 

ultimate purpose of this study is to provide visualized airborne EPFR levels at 

regional scales to identify the potential health risks encountered by local population 

and to develop related EPFRs control strategies.  

 



159 

 

5.2 Methods and Materials 

5.2.1 Sampling Sites 

Five sampling areas in China, each with different combustion sources, were 

chosen to investigate the distribution patterns of airborne EPFRs through 

phytospampling. This method is based on the widespread use of plants as passive 

samplers to understand the distribution characteristics of persistent pollutants such 

as PCDD/Fs [287], PAHs [288], perfluorinated alkylated substances (PFASs) [289], 

and heavy metals [290]. Information on sampling sites, including the location, 

major land use type, potential air pollution source, sampling area and number, etc. 

are provided in Table 5.1. Four suburban areas in northern and southern China are 

chosen as our sampling areas: Beijing, Xuzhou, Lianyungang, and Shenzhen. The 

center of four of the five sampling areas has a stationary air pollution source related 

to waste incineration, respectively. The remaining sampling area was an urban area 

in Beijing with multiple land use types, used as a comparison. In last chapter, the 

environmental investigation was conducted at Sampling area I, and it has been 

found that the co-processing hazardous waste cement plant might be the dominant 

contributor of PCDD/Fs, PAHs, Hg and Cd in the surrounding soil [188, 204, 231]. 

Thus, one of the reasons for choosing the five sampling areas investigated in this 

study was to identify whether the emissions from the thermal-processing industry 

also act as a major contributor for EPFRs. There are three different types of waste 

incineration facilities located in the sampling areas, the co-processing waste cement 

plant (Sampling area I), the hazardous waste incinerators (Sampling areas III and 

IV), and a municipal solid waste incinerator (Sampling area V). In addition to the 

difference in feed materials and incineration processes, the average exhaust 

emission amounts for these four plants vary largely by two orders of magnitude. 
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The detailed descriptions on these five sampling areas are given as follows: 
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Table 5.1 Characteristics of the five sampling areas. 

Sampling 

area 
Location 

Major 

type(s) of 

land use 

Potential principal source 

Field 

Area 

(km2) 

Samplin

g size 
Sampling date 

Air 

humidity

* 

I Beijing suburb 

Agricultural 

Educational 

Residential 

Cement plant 

(coal firing and waste 

incinerating) 

3.4 × 3.4 24 July 2018 76% 

II 
Center of Beijing 

City 

Commercial 

Residential, 

Educational 

Urban vehicular exhaust 2.2 × 2.7 16 July 2018 76% 

III 
Xuzhou suburb, 

Jiangsu 
Agricultural Hazardous waste incinerator 5.5 × 5.5 32 

August 

2018 
79% 

IV 

Lianyungang 

suburb, 

Jiangsu 

Industrial Hazardous waste incinerator 4.5 × 4.5 24 
August 

2018 
82% 

V 
Shenzhen suburb, 

Guangdong 

Industrial 

Residential 

Agricultural 

Municipal solid waste 

incinerator 
4.2 × 3.5 24 

November 

2018 
77% 

*The air humidity data were collected from the real time weather report. 
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Sample Area I was located in a suburban district in Beijing (Changping). In 1 

the center of the sampling area, there is a large-size cement plant using municipal 2 

sewage sludge and hazardous waste (fly ash and bottom ash) as raw materials and 3 

alternative fuel to produce cement. The disposal capacities for sewage sludge and 4 

hazardous waste are 500 t/d and 130 t/d, respectively. The stack gas emission rate 5 

ranges from 300,000 to 450,000 Nm3/h and the emission rate of particulates ranges 6 

from 5.83 to 6.73 mg/m3. The emission limit for particulates is 10 mg/m3 in Beijing. 7 

Surrounding the cement plant, there are agriculture land, wooded land, residential 8 

areas, and a university.  9 

Compared to Sample Area I, there is no stationary source of air pollution in 10 

Sample Area II since it was located in an urban area. Multiple land use types in this 11 

area include commercial areas, universities, residential areas, parks, and urban 12 

traffic arteries. Sampling site #13 in Sample Area II locates at a key transportation 13 

hub spot (named Xizhimen).   14 

For Sample Areas III and IV, two hazardous waste incinerators with the same 15 

disposal capacity (30t/d) were located in the center of the sampling areas, 16 

respectively. However, the land use structures in these two areas are largely 17 

different. For Sample Area III, surrounding the incinerator, there are mainly corn 18 

fields and orchards. Only at the northwest part and the edge of south part, there are 19 

residential areas. However, for Sample Area IV, half of the sampling area is an 20 

industrial park with registered vehicle entering; the other half is mainly residential 21 

and commercial mixed land. The reason of choosing these two study areas was to 22 

compare the contribution proportions of EPFRs from incineration industry and from 23 

vehicle emissions. Since the hazardous waste incineration facilities in Sample Areas 24 

III and IV are the same, their emission data are similar too. The stack gas emission 25 
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rate ranges from 11,000 to 15,000 Nm3/h, and the emission rate of particulates is 26 

approximately 11.15 mg/m3 (local standard is 30 mg/m3).  27 

Sample Area V was located in a suburban area in Shenzhen (Laohukeng). In 28 

the center of Sample Area V, there is the biggest municipal solid waste incinerator. 29 

There are two disposal lines and the waste disposal capacities are 1200 ton and 2000 30 

ton per day, respectively. The stack gas emission rate is approximately 110,000 31 

Nm3/h, and the PM emission rate is approximately 4 mg/m3 (local standard is 80 32 

mg/m3). Multiple land use types in this area include industrial areas, agricultural 33 

land, residential areas, and mountains. 34 

Before sampling, specific locations for each sampling point were preliminarily 35 

selected and the latitude and longitude were recorded. The detailed sampling sites 36 

among the five sampling areas are illustrated in Figure 5.1. 37 
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 38 

Figure 5.1 Location of the sample areas and sample sites. 39 

 40 

For Sampling area I, the prevailing wind during the sampling period came out 41 

of the southeast and the design of sampling sites followed that of our previous study. 42 

The 24 tree leaf samples in four directions (northwest, northeast, southwest, and 43 

southeast) were collected within 2000 m of the cement plant. For Sampling areas 44 

II, III, and IV, since there is no prevailing wind during sampling, we divided the 45 

study areas into multiple grids (approximately 800 × 800 m per grid) and collected 46 

tree leaves from the boundary areas of each grid. In Sampling area V, due to 47 

geographic obstacles (hills and reservoirs), the 24 sampling sites were chosen based 48 

on the road accessibility and all located within 2000 m of the waste incinerator. The 49 
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real time air humidity data of the sampling sites were recorded during the sampling 50 

(provided in Table 5.1). 51 

5.2.2 Sample Collection 52 

At each sampling site, approximately 100 tree leaves were collected and sealed 53 

in a plastic bag. The leaves were collected from a height of approximately 1.5 to 2 54 

m above the ground. Since rainfall might flush part of the particles on the leaf 55 

surface away, leaf samples from the same sampling area were collected 56 

synchronously at the third day after the latest precipitation, as Oyana et al. 57 

suggested [76]. In addition, to implement consistency of the sampling process with 58 

the previous work, a desiccant was added in each sample bag and the samples were 59 

stored on ice. To identify the potential sources of the EPFRs on tree leaves, other 60 

samples were collected including fly ash from the cement plant, hazardous waste 61 

and municipal solid waste incinerators, primary exhaust particles from gasoline and 62 

diesel vehicles, and road and indoor dust from the hazardous waste incinerating 63 

facility. 64 

5.2.3 Sample Pretreatment and Analysis 65 

Before batch-processing the tree leaf samples, two different types of 66 

pretreatment methods were compared. The first method extracted EPFRs from 67 

leaves with two different organic solvents (methanol and dichloromethane) [280, 68 

291]. A significant EPFR signal was not obtained using this method, as Chen et al. 69 

also reported [292]. The other method (freeze-drying method, for short) was based 70 

on the method reported by Oyana et al.[76]. Briefly, ultrapure water (100-200 mL) 71 

was used to flash the particles off from the surface of leaves. After removing leaves 72 

and filtering the solution with a membrane with the pore size of 2 μm, the filtrate 73 
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was freeze-dried, and the particles left were collected for instrumental analysis. A 74 

previous study has demonstrated that water extraction did not significantly change 75 

the types and contents of EPFRs [292].  76 

In addition, two sets of experiments were conducted to demonstrate that 77 

dissolved oxygen in ultrapure water would not react with the less stable EPFRs. 78 

First, it was examined whether ROS could be generated during the flushing process. 79 

The process of detecting ROS signal was based on a previous study [293]. Briefly, 80 

ultrapure water and double-distilled water (30 mL for each sample) were used to 81 

flush the particles off from leaves, respectively. Particles >2 μm were filtered and 82 

removed off, and then the liquid samples were collected. The pretreatment 83 

procedure of each sample took approximately 10 mins. Then, 1 mL of the filtered 84 

liquid sample was mixed with 40 μL 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) 85 

solution (0.265 M). After vibrating, the homogenized liquid samples were collected 86 

in the quartz capillary tubes to detect DMPO-OH signals through EPR immediately. 87 

In this experiment, leave samples were collected from sampling sites #1 and #2. In 88 

test A, leaves from sampling site #1 were flushed using ultrapure water, while in 89 

test B, leaves collected from the same sampling sites were flushed using double-90 

distilled water. In tests C and D, leaves from sampling site #2 were flushed using 91 

ultrapure water and double-distilled water, respectively. It is worth mentioning that 92 

the double-distilled water used in this study was cooled down in an airtight glass 93 

container, in order to obtain the oxygen-removed water. The EPR signals are 94 

provided in Figure 5.2 (a). It can be seen that there was no DMPO-OH signal being 95 

detected in the additional experiment, which suggests that ROS species were not 96 

generated during the flushing process. In comparison, Figure 5.2 (b) and (c) show 97 

the DMPO-OH signals generated from EPFRs which were collected after the 98 
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flushing process. Thus, these two observations demonstrate that the flushing 99 

process is an applicable method to obtain EPFRs from leaves. 100 

 101 

(a) adding DMPO in the sample flushing process. 102 

 103 

(b) EPR signals of DMPO-OH. 104 
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 105 

(c) EPR signals of EPFRs after water flushing. 106 

Figure 5.2 EPR signals of (a) adding DMPO in the sample flushing process, (b) 107 

EPR signals of DMPO-OH, and (c) EPR signals of EPFRs after water flushing. 108 

 109 

In addition, another set of experiment was added to investigate whether the g-110 

factor of EPFRs would change after the flushing process using oxygen removed 111 

water. Leaves collected from the same sampling site were divided equally into two 112 

groups, and particles on them were flushed off by ultrapure water and double-113 

distilled water, individually. The rest of the treatment processes followed to the 114 

method that we have described in the manuscript. Signals of EPFRs collected 115 

through two types of water flushing process are compared in Figure 5.3.  116 
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 117 

Figure 5.3 EPFR signals of leaves flushed by ultrapure water and double-distilled 118 

water. 119 

 120 

It was found that the g-factor of EPFRs collected through oxygen-removed 121 

water flushing was the same with the sample flushing by ultrapure water (2.00405). 122 

The difference on signal intensities was due to the different sample sizes inputted. 123 

The concentrations of EPFRs collected through ultrapure water and double-distill 124 

water were at similar levels, which were 1.15× 1018 and 1.32× 1018 spins/g, 125 

respectively. It is worth mentioning that the half-peak width of EPFR signal (ΔHp-126 

p) of the sample flushing by the double-distill water (ΔHp-p = 6.45) was wider than 127 

the sample flushing by ultrapure water (ΔHp-p = 4.95). ΔHp-p is commonly used 128 

as an indicator of the compositions of EPFRs, and the wider ΔHp-p is, the more 129 

compositions are included in EPFR samples. Since the sample size of double-130 

distilled water was larger, it is reasonable that more compositions were included in 131 

this sample. 132 
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Generally, the major findings of these two experiments are: (1). ROS species 133 

were not generated during the flushing process; (2). g-factor of EPFRs collected 134 

through oxygen-removed water flushing was the same with the sample flushing by 135 

ultrapure water.  136 

For EPFR analysis, a Bruker EMX-2.0/2.7 EPR spectrometer (X-band) with a 137 

dual cavity, 100 kHz was used. The typical operating parameters were center field, 138 

3520 G; microwave frequency, 9.36 GHz; microwave power, 0.63 mW; modulation 139 

frequency, 100 kHz; modulation amplitude, 1.0 G; sweep width, 200 G; receiver 140 

gain, 30 dB; and time constant, 0.01 ms. Radical quantification was conducted 141 

using Bruker’s Xenon program, and the area under the EPR single broad peak 142 

represented a quantitative measure of radical spins in the sample. The g-values were 143 

determined using Bruker’s WinEPR program to ensure the accuracy. All 144 

measurements were conducted at room temperature. Compared to the solvent-145 

extracting method, only the freeze-drying method showed quantitative EPFR 146 

signals. Thus, this method was adopted as the valid pretreatment procedure. The 147 

reason that EPFR signals could be detected through the solvent-extracting method 148 

might be that during extracting processes, particle-bound EPFRs were mixed into 149 

the extract, concentrated and indrawn into the quartz capillaries before 150 

measurement. 151 

To ensure the repeatability of the quantified EPFR concentrations in this study, 152 

ten leaf samples were randomly selected for duplicate measurements. The results 153 

of the standard deviation coefficient (ranged from 4.7% to 21.1%) showed high 154 

repeatability of this quantitative method (given in Table 5.2). 155 

  156 
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Table 5.2 Repeatability data of EPFR measurement. 157 

Sample ID First measurement Second measurement Concentration 

S. D. 

Coefficient 

g-factor Spins/g g-factor Spins/g 

#I8 2.00421 3.09E+18 2.00419 3.32E+18 5.07% 

#I14 2.00455 7.32E+17 2.00450 6.85E+17 4.69% 

#II4 2.00314 7.95E+17 2.00317 7.06 E+17 8.39% 

#II13 2.00440 1.02E+19 2.00443 1.16E+19 9.08% 

#III11 2.00427 9.53E+18 2.00430 8.79E+18 5.71% 

#III25 2.00419 1.51E+17 2.00424 2.04E+17 21.1% 

#IV8 2.00434 8.17E+17 2.00435 8.74E+17 4.77% 

#IV17 2.00336 2.56E+18 2.00340 2.09E+18 14.3% 

#V4 2.00371 2.98E+17 2.00369 2.26E+17 19.4% 

#V25 2.00453 2.71E+18 2.00455 3.11E+18 9.69% 

 158 

To investigate the oxidative potential of the particles collected from tree leaves, 159 

three leaf samples were collected for hydroxyl radical measurement. The analytical 160 

procedure referred to two previous studies using PM2.5 as samples [279, 281, 294]. 161 

Briefly, the freeze-dried particles (diameter < 2 μm) were soaked and ultrasonicated 162 

with 200 μL ultrapure water for 7 min. Then, 100 μL of DMPO solution (40 mM/L) 163 

was added to each sample and 30s ultrasonic treatment was applied subsequently. 164 

Next, 80 μL of hydrogen peroxide solution (500 mM/L) was added with 30s 165 

ultrasonic treatment again to initiate the Fenton reaction. The pretreated liquid 166 

samples were sucked into the quartz capillaries for hydroxyl radical analysis by 167 

EPR. The operating parameters were in accordance with the EPFR analysis. A blank 168 

sample was treated with the same procedure for the oxidative potential analysis. 169 

For OC/EC analysis, a semi-continuous OC/EC analyzer (Model-4, Sunset 170 

Laboratory Inc.) was used. Before analysis, freeze-dried particle samples with an 171 
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average weight of 0.1 mg were loaded on the primarily baked circular quartz films 172 

with the diameter of 17 μm. First, the sample is heated to 850℃ in helium, and then 173 

in the helium/oxygen mixture, after which the sample is continuously heated from 174 

650℃ to 850℃. The quantitative measurement of OC and EC is based on the 175 

nondispersive infrared absorption. With the carbonization of samples as the 176 

temperature increasing, the laser intensity will be decreased. At the first step, the 177 

weakened laser intensity is contributed by OC, and at the second step, it is 178 

contributed by EC. Before analyzing, two blank samples were measured to correct 179 

the background levels. It is worth mentioning that the OC/EC analyzer was 180 

designed for airborne particulate matter samples. However, since the particles 181 

obtained in this study are washed out from the leaves, the existence of botanical 182 

compounds might result in an overestimation of OC levels.  183 

In addition, XPS has been applied to reveal the elemental composition of the 184 

surface of the particles collected from leaves. The full spectrum and fine spectrum 185 

of C, O, Cl, Fe, Zn, Pb, and Cu have been analyzed for particles with diameters 186 

larger and smaller than 2 μm. The detailed information of XPS analysis is provided 187 

in Chapter 3. With this analysis, the major component elements of particles can be 188 

acquired.  189 

5.2.4 Statistical Analysis and EPFR Distribution Mapping 190 

Basic descriptive statistics were derived to provide a summary of the 191 

concentrations of EPFRs collected from 120 samples in five sampling areas. To 192 

identify the potential sources of EPFRs in tree leaf samples, Pearson correlation 193 

analysis was applied in this study. The pairwise correlations between EPFR levels 194 
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and OC/EC concentrations were analyzed. The statistical computations mentioned 195 

above were conducted using the statistical package IBM SPSS Statistics 24.0.  196 

The calculation of pollutant concentrations in the ambient air emitted from a 197 

stationary source was achieved via AERMODSystem 3.0 based on Gaussian 198 

dispersion model. To calculate the concentrations of a target pollutant, basic 199 

information including the pollutant and stack gas emission rates, height and inner 200 

diameter of the stack, temperature of the stack gas and the environment are needed. 201 

Besides, geographic and meteorological information are needed as well. With 202 

inputting these parameters, the concentrations of the target pollutant in the ambient 203 

air can be calculated automatically. With this information, the contribution fractions 204 

of the stationary source and non-point source (e.g. traffic emission) on airborne 205 

particles could be estimated.  206 

For visualizing the distribution patterns of EPFRs, inverse distance weighted 207 

(IDW) interpolation coupled with ArcGIS (ESRI Inc., Redlands, CA) were applied 208 

to predict the EPFR concentrations of unsampled areas, based on the 120 obtained 209 

EPFR values. For ten N.D. sampling sites, their EPFR concentrations were 210 

considered as 1 × 1016 in the interpolation. The outputted EPFRs distribution maps 211 

could provide a visualized perspective for identifying EPFR “hotspot” areas with 212 

potential high health risks. 213 

5.2.5 Evaluation of the Decay Pattern of PM2 from Tree Leaves 214 

To evaluate the decay pattern of EPFRs obtained from the leaf samples, a 215 

kinetic study was conducted. The half-life of the EPFRs was calculated in four 216 

randomly selected samples from Sampling area V. These four particle samples were 217 

placed in natural light under the room temperature, and reanalyzed at the 7th, 14th, 218 
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21st, 42th days after the first analysis. According to the pseudo-first-order 219 

integrated rate law expression, the 1/e lifetime were evaluated as follows:[66, 276, 220 

286, 295] 221 

ln (
𝐶

𝐶0
) = −𝑘𝑡      (Equation 5.1) 222 

𝑡1
𝑒⁄ =

1

𝑘
       (Equation 5.2) 223 

where k is the rate constant, derived from the slope of the natural logarithm of 224 

the radical concentration ratio (C/C0) versus time, and thereby t1/e was calculated. 225 

 226 

5.3 Results and discussion 227 

5.3.1 Levels and Distribution Pattern of EPFRs Collected from Tree Leaves 228 

The concentrations of EPFRs in PM2 collected from the five sampling areas 229 

and the mass of particles that accumulated on the tree leaves are summarized in 230 

Table 5.3. Detailed concentrations are shown in Table 5.4. In accordance with 231 

previous studies, large variabilities exist in both of the EPFRs and PM mass values 232 

on leaves. In the analysis of variance (one-way ANOVA), there was no significant 233 

difference between mass per unit leaf area among five sampling areas. The average 234 

PM mass was 5.84 μg/cm2, which is slightly lower than samples collected from 235 

Memphis, Tennessee (6.81 μg/cm2). Among these 120 collected samples, there were 236 

ten samples below the EPFR detection limit, which were represented by N.D. EPFR 237 

concentrations among the rest 110 samples ranged from 7.50 × 1016 to 4.52 × 1019 238 

spins/g. EPFR concentration levels in this study span a wider range than the results 239 

reported by Oyana et al. [76]. Possible reasons for this result are: (1) the sampling 240 

areas in this research are located in multiple regions around China with different 241 

levels of air quality; (2) unlike the prior study which only collected samples with in 242 
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500m buffer zone of pollution sources, part of samples in this study were collected 243 

from areas inaccessible by vehicles.  244 

  245 
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Table 5.3 EPFR concentrations and sample mass collected from 120 sampling sites. 246 

Sample  

Area 

# of 

samples 

EPFR concentrations (spins/g) Mass/sample (mg) Mass/leaf area (ug/cm2) 

Avg CV Max Min Avg CV Max Min Avg CV Max Min 

I 24 6.6 × 1018 73.4 4.5 × 1019 3.8 × 1017 12.8 56.1 31.8 4.2 6.3 60 18.2 1.8 

II 16 2.4 × 1018 84.1 1.0 × 1019 2.0 × 1017 7.2 83.2 26.1 1.5 6.7 71.3 20.1 1.1 

III 31 1.9 × 1018 72.0 9.7 × 1018 8.9 × 1016 7.3 62.7 18.9 1.2 6.1 59.3 13.5 1.4 

IV 24 1.8 × 1018 78.7 1.0 × 1019 1.4 × 1017 5.2 37.7 11.4 2.8 3.8 39.9 7.6 2.4 

V 25 1.6 × 1018 106.4 5.6 × 1018 7.5 × 1016 7.8 59.4 20.3 2.5 6.4 62.9 18.1 2.4 

  247 
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Table 5.4 EPFR g-factors and concentrations of 120 leaf samples. 248 

Sample 

ID 

Leaves 

quantity 

Total leaf 

area (cm2) 

Sample 

(mg) 
g-factor Spins/g 

ΔHp-p 

（G） 

#I1 55 1950 27.2 2.00461 8.37E+18 5.988 

#I2 120 1800 9.6 2.00448 6.78E+18 6.482 

#I3 80 1540 8.8 2.00402 2.37E+18 6.313 

#I4 50 2200 17.4 2.00447 4.52E+19 5.485 

#I5 75 1820 10.1 2.0035 3.17E+18 8.323 

#I6 120 1900 5.9 2.00419 3.82E+17 7.368 

#I7 100 2550 18.3 2.00411 5.19E+18 6.475 

#I8 90 2120 8.3 2.00421 3.09E+18 6.298 

#I9 80 2580 7.9 2.00433 2.94E+18 7.133 

#I10 55 2050 6.8 2.00391 1.64E+18 6.835 

#I11 50 2480 12.5 2.00432 8.71E+18 5.996 

#I12 70 2330 13.6 2.00423 5.23E+18 6.357 

#I13 150 1850 18.7 2.00454 5.73E+18 5.748 

#I14 120 2060 12.5 2.00455 7.32E+17 7.839 

#I15 80 2230 9.4 2.00438 4.58E+17 8.562 

#I16 80 2400 4.2 N.D.* N.D. - 

#I17 45 2250 17.7 2.00422 7.6E+18 5.880 

#I18 50 2300 5.2 2.00441 3.08E+18 6.267 

#I19 120 2200 22.4 2.00434 1.09E+19 5.320 

#I20 80 1870 5.8 2.00435 4.87E+18 6.735 

#I21 70 2320 16 2.00342 4.96E+18 7.013 

#I22 40 1250 5.2 2.0043 3.26E+18 6.983 

#I23 50 1800 12.9 2.00452 9.98E+18 5.577 

#I24 70 1750 31.8 2.00406 6.05E+18 6.028 

#II1 60 1080 5.8 2.00471 9.33E+17 5.284 

#II2 50 950 8.2 2.00315 2.86E+18 8.296 

#II3 60 1020 3.1 2.00396 7.28E+17 7.771 

#II4 80 840 7.9 2.00314 7.95E+17 8.731 

#II5 70 1250 3.3 2.00376 9.53E+17 7.663 

#II6 60 1100 2.8 2.00352 1.99E+17 6.828 

#II7 50 1320 1.5 N.D. N.D. - 

#II8 60 1200 3.7 2.00435 3.08E+17 5.776 

#II9 80 1350 14.3 2.00398 3.18E+18 6.259 

#II10 60 1480 6.1 2.00282 4.64E+17 10.959 

#II11 55 980 9.9 2.00377 3.71E+18 7.904 

#II12 50 950 5.3 2.0034 1.84E+18 5.690 

#II13 50 1300 26.1 2.0044 1.02E+19 6.179 

#II14 50 1100 4.7 2.00406 7.48E+18 7.014 

#II15 40 450 4.8 2.00411 1.09E+18 5.018 
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Sample 

ID 

Leaves 

quantity 

Total leaf 

area (cm2) 

Sample 

(mg) 
g-factor Spins/g 

ΔHp-p 

（G） 

#II16 60 1220 6.9 2.00387 1.39E+18 6.933 

#III1 75 2050 6.7 2.00318 1.17E+17 6.653 

#III2 40 1100 9.1 2.0036 1.92E+18 7.327 

#III3 45 980 10.6 2.00446 3.29E+18 6.637 

#III4 25 1300 6.2 2.00328 5.6E+17 9.185 

#III5 20 1200 2.8 2.00419 1.31E+17 7.905 

#III6 65 1370 9.3 2.00461 9.71E+18 5.823 

#III7 50 950 2.7 2.00391 1.41E+17 7.315 

#III8 60 1050 3.6 2.00349 5.2E+17 7.524 

#III9 20 1350 6.4 2.00408 3.19E+17 5.896 

#III10 25 1400 5.5 2.00346 4.18E+17 5.924 

#III11 70 2060 18.1 2.00427 9.53E+18 6.608 

#III12 50 1330 6.7 2.00426 2.33E+17 8.899 

#III13 45 1120 3.6 2.00413 6.63E+17 5.602 

#III14 40 920 2.9 2.00309 5.47E+17 6.425 

#III15 45 850 1.2 N.D. N.D. - 

#III16 60 780 2.8 N.D. N.D. - 

#III17 50 850 3.3 2.00379 6.43E+17 8.659 

#III18 25 1200 4.4 2.00435 2.4E+17 6.794 

#III19 25 1280 8.1 2.00441 3.51E+18 8.051 

#III20 35 880 10.6 2.00381 1.35E+18 8.720 

#III21 25 1250 3.9 2.0031 8.88E+16 7.535 

#III22 60 1180 3.2 2.00402 1.8E+17 6.927 

#III23 65 1260 13.6 2.00392 2.79E+18 5.232 

#III24 50 1050 5.8 2.00397 1.16E+18 5.276 

#III25 70 1120 3.9 2.00419 1.51E+17 5.797 

#III26 60 1060 14.3 2.00419 1.47E+18 5.648 

#III27 80 1280 9.6 2.00413 2.59E+18 6.035 

#III28 70 1330 6.5 2.00418 2.7E+17 7.154 

#III29 40 1420 18.9 2.00449 4.35E+18 5.439 

#III30 65 1050 13.2 2.0046 6.4E+18 5.228 

#III31 50 900 9.7 2.00453 1.47E+18 7.637 

#IV1 60 1080 8.2 2.0033 N.D. 11.518 

#IV2 80 1250 4.6 2.00442 3.45E+17 5.892 

#IV3 90 1360 5.1 2.0043 9.21E+17 6.771 

#IV4 75 950 7.2 2.00446 1E+19 5.813 

#IV5 40 1150 3.9 2.00432 1.4E+18 6.377 

#IV6 45 1080 3.4 2.00429 N.D. 10.592 

#IV7 40 920 2.9 N.D. N.D. - 

#IV8 80 1800 11.4 2.00434 8.17E+17 7.506 

#IV9 60 1450 5.1 2.00339 2.94E+18 7.834 
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Sample 

ID 

Leaves 

quantity 

Total leaf 

area (cm2) 

Sample 

(mg) 
g-factor Spins/g 

ΔHp-p 

（G） 

#IV10 50 1260 5.3 2.00382 1.29E+18 6.359 

#IV11 80 1650 4.7 2.004 3.09E+17 8.268 

#IV12 80 1780 6.5 2.00437 1.84E+18 7.254 

#IV13 70 1100 3.4 2.00423 2.23E+18 5.573 

#IV14 80 1750 4.2 2.00437 2.6E+17 5.754 

#IV15 80 2020 6.9 2.00424 2.11E+18 6.235 

#IV16 70 1550 5.7 2.00424 1.22E+18 6.570 

#IV17 75 1420 5.1 2.00336 2.56E+18 5.959 

#IV18 80 1480 4.9 N.D. N.D. - 

#IV19 70 1300 4.5 2.00416 7.54E+17 7.529 

#IV20 80 1450 3.8 2.00342 N.D. 9.836 

#IV21 90 1380 7.1 2.00438 5.08E+18 5.249 

#IV22 80 1220 3.6 2.00425 1.42E+17 6.175 

#IV23 80 1360 3.9 2.00423 1.94E+17 7.222 

#IV24 70 1150 2.8 2.00425 4.57E+17 6.833 

#V1 50 1050 3.2 2.00486 7.03E+15 4.004 

#V2 70 1120 20.3 2.00439 2.39E+17 6.376 

#V3 45 950 3.1 2.00291 7.5E+16 5.665 

#V4 80 1280 5.6 2.00371 2.98E+17 8.572 

#V5 50 920 3.8 2.00349 9.97E+17 6.824 

#V6 60 1080 15.4 2.00434 2.46E+18 7.106 

#V7 70 1200 9.1 2.00435 7.87E+17 7.305 

#V8 40 1150 13.9 2.00445 1.35E+18 6.678 

#V9 80 1160 4.2 2.00429 1.23E+18 6.824 

#V10 80 1560 7.8 2.00426 1.75E+18 7.910 

#V11 70 1020 5.4 2.00436 7.64E+17 6.303 

#V12 80 1200 14.6 2.00369 1.81E+18 7.489 

#V13 80 1320 6 2.00448 4.88E+18 7.356 

#V14 70 1120 10.4 2.00447 5.6E+18 6.362 

#V15 100 1550 9.5 2.00427 4.58E+18 7.308 

#V16 70 1250 3.8 2.00426 1.3E+18 7.148 

#V17 40 1120 7.3 2.00424 1.68E+18 6.837 

#V18 50 1300 4.9 2.00438 5.89E+17 7.355 

#V19 80 1380 13.2 2.00402 7.29E+17 6.301 

#V20 60 1450 6.7 2.00416 8.52E+17 7.771 

#V21 70 1580 8.2 2.0043 1.18E+18 6.147 

#V22 40 720 2.5 2.00421 4.95E+17 7.483 

#V23 70 1120 3.7 2.00447 6.25E+17 7.168 

#V24 70 1520 3.6 2.00377 N.D. 10.177 

#V25 80 1680 8.5 2.00453 2.71E+18 6.502 

*N.D. stands for non-detected. 249 
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 250 

To identify whether the waste incineration industry is an important contributor 251 

on EPFRs in the ambient air, the concentration levels of EPFR on tree leaves 252 

collected from five areas were compared. Referring to the prior study which firstly 253 

applied the phytosampling method on EPFRs, four levels of EPFR concentrations 254 

were classified, representing N.D., low (< 7.9E+17), moderate (7.9E+17 ~ 255 

1.99E+18), and high (> 1.99E+18) EPFR concentrations in PM2 samples, 256 

respectively [76]. The distribution pattern and characteristics of EPFRs from each 257 

sampling area are provided in Figures 5.4 and 5.5. 258 

 259 

Figure 5.4 Histogram of EPFR concentration distribution in collected tree leaf 260 

samples. 261 
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 262 
Figure 5.5 Correlation of g-value and EPFR concentrations in three levels. 263 

 264 

For Sampling area I which is located in suburban Beijing, the average EPFR 265 

levels of 24 samples was 6.6 × 1018 spins/g, and 76% of the samples were in the 266 

high-level category, indicating that EPFRs in this region pose a relatively severe 267 

potential risk. In comparison, Sampling area II is located between the center of 268 

second and third ring road of downtown Beijing. The average level of Sampling 269 

area II was lower than Sampling area I yet higher than Sampling areas III, IV, and 270 

V. There are several possible explanations for these observations. First, at the 271 

central of Sampling area I, the cement plant emits a large amount of combustion 272 

exhaust (300,000 ~ 450,000 Nm3/h) with relatively high PM concentrations (5.83 273 

~ 6.73 mg/m3). The particle-phase emissions tend to deposit on the surrounding 274 

plants and soil eventually, and simultaneously, might elevate EPFR levels in the 275 

ambient air. Second, the areas surrounding the cement plant are frequented by many 276 
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heavy-duty trucks transporting cement and raw materials. Previous studies have 277 

demonstrated that particles emitted from heavy-duty vehicles are around three 278 

orders of magnitude higher than light-duty vehicles [296, 297]. Furthermore, 279 

burning diesel in heavy-duty vehicle engines results in more 2- and 3- ring PAHs 280 

generated than in gasoline-powered vehicles [298-300]. Thus, higher impact of 281 

traffic emission in Sampling area I might lead to high levels of atmospheric EPFRs. 282 

In addition, in the suburban area, uncovered soil surrounding the cement plant 283 

might result in increased amount of dust blowing into the atmosphere and 284 

depositing on sampled leaves. 285 

In Sampling areas III, IV, and V, their average EPFR concentrations were 286 

largely lower that samples collected from Beijing, and the proportions of samples 287 

in low and moderate ranges increase significantly compared to Sampling areas I 288 

and II. These results indicate that (1) possible distinction of airborne EPFR levels 289 

between different regions around China might exist due to the differences in 290 

background air pollution levels; (2) waste incineration industry with low-particle 291 

emission or high-performance dust-removal facilities might not be an important 292 

source for ambient airborne EPFRs. For instance, the largest municipal solid waste 293 

incinerator of Shenzhen is located in the center of Sampling area V, yet the average 294 

concentration of EPFRs was the lowest among these five sampling areas, and most 295 

of samples were in low or moderate levels.  296 

Apart from the concentrations, the g-value of EPFRs is another important 297 

parameter used to characterize the magnetic moment and gyromagnetic ratio of an 298 

atom to understand the species and structures of free radicals. In this study, the g-299 

values of EPFRs in PM2 samples range from 2.0028 to 2.0049. These results are 300 

comparable with the prior phytosampling study (2.0038 to 2.0053) conducted in 301 



183 

 

Memphis, Tennessee. However, in two studies using high volume samplers to 302 

collect daily PM2.5 samples, the reported g-value ranges were 2.0032 ~ 2.0037 (in 303 

Beijing) [280], and 2.0029 ~ 2.0033 (in Xi’an) [281]. This indicates that the species 304 

and sources of EPFRs collected from phytosampling might be more various than 305 

from a fixed-point active sampler. The trend where the g-values increase as the 306 

EPFR concentrations increase could also be observed in this research, in accordance 307 

with the prior phytosampling study (Figure 5.5). Based on the categorizing in the 308 

prior study, the average g-values of low, medium, and high EPFR concentrations 309 

were 2.00335, 2.00420, and 2.00445, respectively. As mentioned before, g-value 310 

can be used to roughly distinguish a few classes of EPFRs in complex 311 

environmental materials. It has been recognized that for radicals with g-values 312 

ranging from 2.003 to 2.0035, the oxygen atom locates close to the unpaired 313 

electron in the benzene structure. If the g-value of a radical increases to 2.004, the 314 

lone pair electron is localized on the oxygen atom, such as phenoxy radical species. 315 

For radicals with g-values larger than 2.0045, there might be multiple oxygens on 316 

the same ring (such as semiquinone radicals) [70, 76]. Oxygen centered radicals are 317 

identified as a typical indicator for the PM emitted from sources with incomplete 318 

combustion conditions. It has been suggested that oxygen centered EPFRs are 319 

active in the redox cycling and are responsible for oxidative stress, and thus, might 320 

pose more health risks to the population. Besides the g-values, the half-peak width 321 

of EPFR signal (ΔHp-p) is another important parameter to indicate the composition 322 

of EPFRs. In this study, the two major ranges of ΔHp-p were 5.5 ~ 6.5 G and 6.5 ~ 323 

7.5 G, which took 32.5% and 30% of the total 120 samples. For the rest, there were 324 

24% samples with ΔHp-p values higher than 7.5 G and 8.3% samples with ΔHp-p 325 

values higher than 5.5 G. Similar to the g-values, ΔHp-p values in this study are 326 
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generally larger than those PM samples collected through active samplers in fixed 327 

points. This indicates that the composition and species of EPFRs collected in this 328 

study might be different with the previous research using the active samplers. 329 

In this study, EPFRs with relatively low g-values were located in those sites 330 

with lower vehicle traffic. This indicates that vehicle emissions might lead to higher 331 

g-values of EPFRs on leaf samples, and thus, might pose a higher health risk [76]. 332 

Figure 5.6 presents the spatial distribution patterns of EPFRs in five sampling areas. 333 

By reference to the remote sensing images (Google Earth), it can be seen that the 334 

EPFR distribution patterns are closely related to the land use types. For instance, in 335 

the southeast and northwest areas of Sampling area I, EPFR concentrations were 336 

lower than other areas [76]. The land use types of these areas are agricultural land 337 

and wooded areas. For commercial and residential areas, likely due to heavier traffic 338 

loads, the EPFR levels were relatively higher. Similar results were presented in the 339 

rest four sampling areas, that the EPFRs “hotspots” were located at areas with 340 

higher population density and major roadways. From the results of one-way 341 

ANOVA, EPFR concentrations collected from samples close to the major roadways 342 

and from commercial areas were significantly (p < 0.05) higher than those from 343 

farmland, woodland, and educational areas.  344 

To prove that the particles collected from leaves could cause adverse health 345 

effects once inhaled by human beings, the oxidative potential analysis has been 346 

conducted. Among the three supporting samples, two of them have found that 347 

hydroxyl radicals were generated after adding DMPO. The DMPO-OH signals are 348 

provided in Figure 5.2 (b). It can be seen that the intensity of DMPO-OH signals of 349 

the supporting samples #2 and #3 were at a similar level, while the supporting 350 

sample #1 and blank control sample did not show signals. It is worth mentioning 351 
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that the g-values of supporting samples #2 and #3 were largely different (2.00269 352 

and 2.00416, respectively). These results suggest that the oxidative potential of 353 

EPFRs might not be able to be evaluated through g-values and further research is 354 

needed on this area.   355 
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 356 

Figure 5.6 Predicted spatial EPFR distribution maps of five sampling areas.  357 
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5.3.2 Sources and Estimated Contribution Proportions of Airborne EPFRs on Tree 358 

Leaves 359 

To advance the understanding on airborne EPFR source identification, several 360 

approaches were used in this study. First, the concentrations of OC and EC in PM2 361 

samples of Sampling area V were analyzed. The purpose of this analysis was to 362 

check the correlation between EPFR values with OC and EC levels. Previous 363 

studies have suggested that traffic is the dominant contributor of EC contents in 364 

airborne particles, especially during non-coal burning seasons [301, 302]. In this 365 

study, the results of the bivariate correlation analysis show that EC levels have 366 

significant positive correlation with EPFR concentrations in PM2 samples (p = 367 

0.012, < 0.05). This result indicates that vehicle exhausts might be a primary 368 

contributor of airborne EPFRs. Such positive correlation was not reflected between 369 

OC levels and EPFR concentrations (p = 0.378, > 0.05). Since the PM2 samples 370 

were processed from leaves, plant tissue could be contained in the collected 371 

particles, resulting in OE levels overestimated. The detailed OE and EC levels are 372 

provided in Table 5.5. 373 

  374 
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Table 5.5 OC and EC concentrations of samples in Sample Area V. 375 

Sample ID OC 

concentration* 

EC 

concentration* 

#V1 

#V2 

#V3 

#V4 

#V5 

#V6 

#V7 

#V8 

#V9 

#V10 

#V11 

#V12 

#V13 

#V14 

#V15 

#V16 

#V17 

#V18 

#V19 

#V20 

#V21 

#V22 

#V23 

#V24 

#V25 

211.2 

919.7 

523.6 

283.5 

293.9 

363.4 

140.4 

231.5 

124.5 

132.4 

224.6 

653.7 

42.7 

237.5 

1464.7 

399.9 

171.9 

373.9 

237.6 

713.3 

3.2 

47.0 

56.4 

19.5 

48.3 
 

21.1 

70.1 

24.0 

33.6 

73.4 

54.5 

53.1 

125.4 

97.6 

89.6 

43.2 

177.0 

132.5 

163.5 

192.0 

129.6 

114.9 

67.9 

96.3 

46.3 

85.2 

32.6 

57.0 

23.6 

77.2 
 

*Unit of OC and EC concentration: mg/g. 376 

 377 

Second, by investigating the g-values of other particle samples including road 378 

dust, waste tire, gasoline/diesel vehicle exhausts, fly ash, and indoor dust from 379 

waste incineration facilities, distinct structural information of EPFRs from these 380 

potential primary sources were obtained. EPR spectra and g-values of the vehicle 381 

exhaust, tire, indoor dust and road dust are illustrated in Figure 5.7. The g-values of 382 

road dust, tire, gasoline exhaust and diesel exhaust were 2.0042, 2.0027, 2.0038, 383 

and 2.0031, respectively. For particle samples related to the waste incineration 384 
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(including fly ash and indoor dust), the measurable g-values ranged from 2.0027 to 385 

2.0037, which partly overlapped with those collected from leaves (2.0029 ~ 2.0048). 386 

However, only in the road dust particles, the g-value of EPFRs is higher than 2.004.  387 

As mentioned earlier, the proportion of EPFRs from leaf samples with high g-388 

values (> 2.004) is the largest. Thus, it could be speculated that EPFRs in the road 389 

dust might originate from the same sources with those collected from tree leaves. 390 

In addition, it is worth addressing that although previous studies have suggested the 391 

vehicle emission might be related to EPFRs in atmosphere, the g-values of primary 392 

exhausts from neither gasoline nor diesel vehicles are consistent with the g-values 393 

of EPFRs from the majority of the leaf samples. This result indicates that secondary 394 

chemical processes might be a nonnegligible contributor to the formation of EPFRs 395 

in atmospheric particles, as Chen et al. suggested [281]. Additional evidence 396 

suggesting that primary automotive exhausts may not be a major contributor of 397 

airborne EPFRs is that concentrations of quinones (8-40 μg/g) in diesel exhaust 398 

particles are normally two or three orders of magnitude lower than their precursors, 399 

PAHs [299, 300, 303, 304]. 400 
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 401 

Figure 5.7 EPR spectra of vehicle exhaust, tire, HW incinerator indoor dust, and 402 

road dust samples. 403 

 404 

As mentioned before, EPFR signals are ubiquitous in particles collected from 405 

tree leaves while EPFR-N.D. sampling sites are located in areas nonexistent vehicle 406 

traffic. Here, we propose a new insight that the dominant source of EPFRs deposited 407 

on tree leaves might be generated in soil or road dust through mineral-medicated 408 

aromatic precursor degradations (mainly oxidation), and then blown by wind to the 409 

atmosphere. The detailed formation mechanism and transmission routes of EPFRs 410 

in ambient air are illustrated in Figure 5.8. Briefly, the ubiquitous aromatic exhausts 411 

from incomplete vehicle combustion are accumulated in roadside soil and dust, and 412 

are gradually oxidized to quinones and phenols [305]. Under the daytime ultraviolet 413 

light, these oxidative products as well as the original aromatic compounds could 414 

interact with mineral particles and electrons might transfer between these organic 415 
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compounds and transition metals with the elimination of H2O or HCl molecules, 416 

and thereby, EPFRs are generated with attaching on the surface of mineral particles. 417 

A process occurs in soil or road dust, wind blow, particle bound EPFRs can be easily 418 

transported into the atmosphere and deposit on tree leaves. This explains the 419 

existence of semiquinone radicals and phenoxy radicals in particles collected from 420 

the sampled leaves. Similar to this explanation, in a previous study, the 421 

decomposition of organic hydroperoxides in atmospheric humid substances has 422 

been suggested to be the formation pathway of particle-associated ROS [279]. This 423 

new insight is in accordance with our observation that for those sampling sites with 424 

heavy fugitive dust also had high levels of EPFR concentrations. 425 

 426 

Figure 5.8 Formation mechanism and transmission routes of airborne EPFRs. 427 

 428 
To prove that the formation of EPFRs is related to the catalyzing of transition 429 

metals, XPS analysis has been conducted. The full spectrum and fine spectrum are 430 

provided in Figure 5.9(a)(b)(c). It can be seen that the major elements of particles 431 

are O, C, Ca, Si, Al, and the C/O ratio in PM<2 are larger than PM>2. From the fine 432 

spectrum, peaks of Fe can be observed while Pb, Zn, and Cu could not be observed. 433 
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This suggests that the transition metal playing the catalyst role might be Fe. A recent 434 

theoretical study has reported that EPFRs can be formed from precursors such as 435 

pentachlorophenol under the catalyzing of Fe(III) on montmorillonite [306]. As a 436 

supporting evidence, that study helps explain the existence of EPFRs in road dust 437 

and particles collected from leaves. 438 

  439 
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 440 

(a) XPS full spectrum of PM>2 samples 441 

 442 

 443 

(b) XPS full spectrum of PM<2 samples. 444 

 445 
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 446 

(c) XPS Fine spectrum (Fe) of PM>2 samples. 447 

Figure 5.9 The full spectrum and fine spectrum of (a) XPS full spectrum of PM>2 448 

samples, (b) XPS full spectrum of PM<2 samples, and (c)XPS Fine spectrum (Fe) 449 

of PM>2 samples. 450 

 451 

Furthermore, to verify this explanation, an estimation is provided as follow: 452 

assuming that each persistent free radical presents one spin signal, EPFR 453 

concentrations can be converted to radical number concentrations (there are 7.5 454 

× 1016 to 4.5 × 1019 radicals per gram PM2). Considering that the sample 455 

pretreatment process filtered out most of particles with sizes larger than 2 μm, the 456 

real concentration of EPFRs might be one to two orders of magnitude lower (1015 457 

to 1017 per gram total particles on tree leaves). Since 1 M radicals has 6.02 × 1023 458 

radicals, the EPFR concentrations can be converted to 10-9 to 10-7 M/g total particles. 459 

Assuming these persistent free radicals have similar molecular structure as 3-ring 460 

or 4-ring PAHs, and thus, their molecular weights are approximate to 200 g/M, then 461 
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the mass concentrations of EPFRs might range from 0.2 to 20 μg per gram total 462 

particles on the sampled leaves. Referring to PAH concentrations in road dust 463 

collected from Guangzhou, China (0.95 ~ 27.83 μg/g) [299] and Dhanbad, India 464 

(3.98 ~ 13.1μg/g) [307], this estimation result indicates that EPFRs deposited on 465 

sampled leaves may mainly originate from soil or road dust.  466 

In addition, the contribution fractions of airborne EPFRs on tree leaves from 467 

waste incineration emissions and vehicle exhausts were estimated. Considering 468 

EPFR concentrations in primary emissions from waste incinerators and vehicle 469 

exhausts were lacking, here, PM concentrations from these two sources were used 470 

to estimate the contribution proportions of airborne EPFRs, with the assumption 471 

that the amount of PM per unit binds certain amount of EPFRs. For a large-size 472 

waste incinerator (using the emission data of the waste incinerator in Sampling area 473 

V), the flue gas and PM emission rates are 110,000 Nm3/h and 4 mg/m3, respectively. 474 

The highest PM concentration in the surrounding area can be calculated as 0.46 475 

μg/m3 through AERMODSystem 3.0. For vehicle emissions, based on the source 476 

apportionment results, the average annual PM2.5 level in Beijing is 126 μg/m3, and 477 

25.2% of those emissions are attributed to automobile exhaust [308]. Therefore, the 478 

average PM2.5 concentration contributed by vehicle emissions is approximately 479 

31.7 μg/m3, or even higher in the roadside air. If the waste incinerator and 480 

automobile exhaust are the only two sources for EPFRs in the ambient air, the 481 

contribution proportion from automobile exhaust would be larger than 98%. An 482 

extreme case of this would be the summer PM2.5 levels in Shenzhen at 35.8 μg/m3 483 

with 14% of PM2.5 (5 μg/m3 PM2.5) is attributed to automobile emission contributed 484 

by vehicle emission [309]. For airborne EPFRs, the contribution ratio of vehicle 485 

emissions is approximately 91%. Considering the secondary formation of EPFRs 486 
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mentioned above, the contribution proportion of vehicle emissions would be higher. 487 

Thus, according to our estimation, no less than 90% of EPFRs deposited on tree 488 

leaves would be attributed to vehicle emissions, as a synergistic result of primary 489 

automobile exhausts (minor) and degradation of aromatic compounds in road dust 490 

(major). The annual average PM2.5 levels in Tennessee and Beijing are 9 and 51 491 

μg/g (2018), respectively. However, the difference of EPFR levels collected from 492 

tree leaves in the United States and China are not significant, as the United States 493 

is a car depended country. 494 

It is worth mentioning that possible sources of airborne EPFRs include but are 495 

not limited to vehicle emissions and waste incineration industry. More systematic 496 

research is needed to account for the accurate contribution proportion of EPFRs 497 

source. 498 

5.3.3 Degradation Characteristics of Airborne EPFRs 499 

A decay investigation was conducted by randomly choosing four PM2 samples 500 

to track the changes of EPFR concentrations on the 7th, 14th, 21st, and 42nd days 501 

after the first EPR determination. The degradation curves of these four samples 502 

were provided in Figure 5.10. Based on the pseudo-first-order integrated rate law, 503 

the 1/e lifetime of the selected samples (Sampling area V #2, #13, #22, #25) were 504 

calculated, which were 70.5, 2.8, 32.4, and 26.3 days, respectively. Two degradation 505 

patterns were identified from the investigation. In the first pattern, the fast decay 506 

occurs in the first week and then followed by slow decay (represented by sample 507 

#13). The other type, decay speed is slow in the first three week, followed by a fast 508 

decay subsequently (samples #2, #22, #25). Dellinger et al. have summarized three 509 

EPFR decay patterns, which are the slow decay of phenoxyl radicals (1/e lifetime 510 
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of 1-21 days), the fast decay of semiquinone radicals (1/e lifetime of 1-21 days), 511 

and no decay for internal radicals [283]. However, from our observations, the g-512 

values of #2, #13, and #25 were closed (all approximately equal to 2.0045), yet their 513 

decay patterns were different. This suggests that the g-value of EPFRs might not be 514 

able to predict the degradation characteristics. Although it is commonly agreed that 515 

the decay of EPFRs should be related to their chemical composition, different 516 

samples of the same EPFR g-values might still have their unique compositions. 517 

Combining this with various environmental factors, the decay patterns might not fit 518 

into neat categories. It is also worth mentioning that, during the decay study, the g-519 

value of each sample remained almost consistent, suggesting that the structures of 520 

EPFRs in PM2 samples had not changed. This observation is inconsistent with two 521 

previous studies which proposed that more oxygen-centered radicals were formed 522 

from carbon-centered radicals [280, 292]. To understand the decay mechanism of 523 

in the molecular scale, further research is needed to understand the specific 524 

structures of EPFRs [310]. 525 
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 526 
Figure 5.10 Decay patterns of airborne EPFRs on leaves. 527 

 528 

5.4 Conclusions 529 

In this study, the concentration levels and spatial distribution patterns of 530 

airborne EPFRs collected from tree leaves were investigated, and the possible 531 

sources were identified. There were 110 particles samples collected from the 532 

surface of tree leaves showing detectable EPFR signals, ranging from 7.5 × 1016 to 533 

4.5× 1019 spins/g. This concentration range is slightly wider than the only reported 534 

study conducted in Memphis, Tennessee, yet one or two orders of magnitude lower 535 

than atmospheric particles collected from the active sampler in Beijing. The rest 10 536 

N.D. samples were all collected from areas inaccessible by vehicles. The g-values 537 

of EPFRs in particles on the surface of tree leaves ranged from 2.0028 to 2.0049 538 

and the majority of them were recognized as oxygen-centered free radicals. This 539 

indicates that EPFRs collected from particles on tree leaves might experience more 540 
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atmospheric oxidation processes compared to particles collected from the active 541 

sampler. Spatial distribution mapping showed that EPFR levels in commercial and 542 

residential areas with high traffic volume were generally higher than agricultural 543 

land, woodland, parks and educational areas. According to our estimation, over 90% 544 

of the EPFRs deposited on tree leaves might be attributed to automotive exhaust 545 

emissions, as a synergistic effect of primary exhausts and degradation of aromatic 546 

compounds in road dust. 547 

As an emerging category of pollutants, the regular monitoring of EPFRs has 548 

not been implemented nationwide in any country. The study not only provides 549 

regional-scale airborne EPFR distribution patterns in multiple areas around China, 550 

but also put forwards a new insight about the dominant source (> 90%) of EPFRs 551 

deposited on tree leaves, which originated from both primary exhausts and the 552 

secondary formation in soil/road dust through aromatic precursors. Our study 553 

indicates that the waste incineration industry with low emissions or effective flue 554 

gas purification devices might not be an important contributor. This explanation 555 

overturns a previous understanding that primary emissions from thermal-related 556 

stationary sources might be the major source and accounts for why airborne EPFRs 557 

are ubiquitous in the environment, especially in the urban areas with no stationary 558 

emissions in surrounding areas. In addition, compared to PM2.5 samples collected 559 

by the active sampler, significant differences might exist in EPFR species and 560 

sources collected from the passive phytosampler. To avoid uncertain interferences, 561 

the high-volume active particle samplers are normally settled a certain height above 562 

ground (10 m for instance). The passive phytosampling method collects leaf 563 

samples at 1.5 to 2 m above the ground. These samples might be more similar to air 564 

inhaled by humans who conduct activities at ground level, and thus, the potential 565 
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health risk induced by EPFRs than those of active samplers located higher of the 566 

ground. This study proves that the phytosamping method might provide a better 567 

approach to understand the community EPFR exposure at a regional scale; areas 568 

with high EPFR levels could be highlighted out for potential health risk 569 

identification. 570 

  571 



201 

 

Chapter 6 

GENERAL SUMMARY AND CONCLUSIONS 

6.1 General Summary 

With adding different PCDD/F precursors to phenol-containing raw materials 

in a full-scale hazardous waste incinerator, PCDD/F concentrations in flue gas, 

bottom ash, and fly ash were investigated. The results showed that in test A, a clean 

condition of APCDs contributed to the low PCDD/F emission levels (averagely 

0.02 ng I-TEQ/Nm3), in spite of adding naphthalene and catalytic metals. However, 

as the experiments went on, PCDD/Fs were absorbed into ACP, and these particles 

accumulated in the APCDs progressively, contributing to considerably elevate 

PCDD/F emission levels in tests B and C (0.72 and 0.83 ng I-TEQ/Nm3, 

respectively). In addition, with adding p-chlorobenzene in test B, the fast surface-

mediated precursor reaction occurred in the quenching tower, indicating that 

PCDD/F suppression in rapid cooling zone might lose efficacy under the abundance 

of gaseous PCDD/F precursors. Results of mass balance showed that the number of 

PCDD/Fs destructed during incinerating were larger than generated in all of these 

three tests, which demonstrated that the HW incinerator is a harmless disposing sink 

of PCDD/Fs rather than a source. 

By adding different PCDD/F precursors, the formation mechanisms of 

PCDD/F were also studied. It has been observed that PCDD/Fs levels in cooling 

zone could be elevated largely in a short period of time. For hazardous waste 

incinerators which the contents of chlorine, phenolic compounds, and heavy metals 
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are normally higher than municipal solid waste incinerators, the dominant 

formation pathway of PCDD/Fs might be surface-mediated precursor reaction with 

the catalyzing of transition metals, rather than de novo synthesis. In addition, it is 

worth mentioning that fly ash accumulating on the inner facilities can lead to 

adsorptive memory effect in APCDs, which might result in a high contribution ratio 

to total PCDD/F emission levels. 

These findings suggest that to minimize PCDD/F emissions of industrial-scale 

hazardous waste incinerators, strict regulation of chlorine contents in feed materials 

and frequent cleaning the APCDs are needed. 

Through the TEM-based single particle analysis, in the hazardous waste 

incineration process, there are eight types of single particles observed and classified, 

including organic, soot, K-rich, S-rich, Na-rich, Fe-rich, mineral particles and fly 

ash. For particles collected from the indoor air beside the fly ash collector, organic 

particles and S-rich particles were two types of major single particles, which took 

56% and 30% of the total observed particles, respectively. While near the bottom 

ash collector, Fe-rich particles took approximately 30 %. For particles collected 

from the flue gases, conjugated organic particles with metals embedded were the 

mostly observed type. The morphologies and elemental compositions of primary 

particles emitted from the hazardous waste incinerator provide information to 

identify the sources of atmospheric particles. 

The formation pathways of primary particles in waste incineration process are 

described as follows: The input waste raw materials mainly contained organics, 

sulfides, nitrides, and metals. During high-temperature combustion, the aromatic 

compounds were destructed into aromatic rings and linear hydrocarbons. Metals 

and their oxides entered in flue gas by evaporation and entrainment as metallic 
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vapor. Part of them experienced a re-oxidation process with S and N involving in 

to form metal sulfates/nitrates. With the temperature cooling down in the post-

combustion zone, the incompletely combusted aromatic rings conjugated as soot 

particles; metal vapor nucleated as spherical particles; the partly oxidized linear 

hydrocarbons were devolatilized, coating on those metal-nucleated particles.  

Bulk analysis was adopted to study the partitioning behavior of different heavy 

metals. It was found that there were obvious enrichments of Hg, Cd, Pb, and As in 

fly ash. For these volatile metals, their transfer pathway is primarily through 

evaporation, condition, and adsorption. However, for Cr, Cu, and Ni, the relative 

enrichment indexes in bottom ash were much higher than in fly ash. It can be 

deduced that these metals transferred into the fly ash mainly attributed to the 

entrainment. Thus, volatility of metals is identified as an important factor to 

determine that distribution behavior of the metals. Results of XPS showed that the 

surface element composition of large-size fly ash particles have markedly 

differences in the relative abundance of C, S, and Mg.  

From the aspect of environmental implication, information provided by this 

study on the partitioning characteristics of heavy metals in a full-scale HW 

incinerator could not only contribute to a better understanding of the heavy metal 

abatement capacity of the flue gas cleaning system, but also helps design the 

pollution control strategy in a more accurate way for certain types of metal 

pollutants. Meanwhile, the particle morphology study helps improve our 

understanding on the fundamental microstructures and mixing states of primary PM 

emitted from HW incinerators, which can provide important primary particle 

information on source identification of atmospheric particles. Last but not least, the 

results of this study are significant for identifying the potential health risks of 
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workers with occupational exposure and the environmental risks for the 

surrounding ecosystem. 

The environmental behaviors of PCDD/Fs, PAHs, and heavy metals emitted 

from waste incineration process were studied as well, and the sampling was 

conducted around a cement plant co-processing hazardous waste. Concentrations 

of PCDD/Fs in ten soil samples, and the PAHs and heavy metals in 32 soil samples 

were analyzed. The concentrations of PCDD/Fs in ten soil samples varied from 1.35 

pg I-TEQ/g to 2.20 pg I-TEQ/g. The highest concentrations of PCDD/Fs occurred 

1200 meters downwind from the cement plant. This suggests that the typical 

distribution range of PCDD/Fs in this research could be < 2000 m from the cement 

plant. Although the PCDD/F levels in the sampled soils are below the average level 

for agricultural soil in Beijing, potential environmental risks might still exist in the 

downwind deposition area due to the long-term effects of exposure to the emissions 

from the cement plant. The levels of ∑16 PAHs ranged from 130.6 to 1134.3 μg/kg 

in the sampled soils. Source identification analysis suggested that the cement plant 

was the most likely source of PAH contamination. The concentrations of most of 

the heavy metals detected in the sampled soils were close to background levels, 

except for the levels of Cd and Hg, which were, on average, two times and six times 

higher than background values, respectively. The co-incineration of sludge, coal, 

and hazardous waste in the cement plant is a major contributing cause for the high 

levels of Hg in the surrounding soil. 

From the environmental risk assessment, PAHs and heavy metals have posed 

various degrees of potential risks to the surrounding residents and ecosystem. The 

highest risk was at NE50m, and the lowest risk was at SE3000m, indicating that 

risk decreased as the distance from the cement plant increased. At downwind 
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directions, soils from 1200 meters away from the cement plant were free from 

cancer risk. For environmental risks posed by heavy metals, three sites posed very 

high ecological risks, three sites posed high ecological risks, 15 sites posed 

considerable ecological risks, ten sites showed moderate ecological risks, and only 

four sites were under low ecological risks.  

Stricter emission standards might be needed to minimize negative impacts on 

the surrounding environment and populations, especially for those within a 2000-

meter range of the cement plant. Since the trend in the cement industry is to move 

from traditional coal-firing to co-processing of waste in cement plants, it is of great 

significance to investigate these environmental contaminants further and assess 

their related environmental impacts on nearby populations and the environment. 

The concentration levels and spatial distribution patterns of airborne EPFRs 

collected from tree leaves surrounding four waste incinerators and one urban area 

were investigated. There were 110 particles samples collected from the surface of 

tree leaves showing detectable EPFR signals, ranging from 7.5 × 1016 to 4.5× 1019 

spins/g. This concentration range is slightly wider than the only reported study 

conducted in Memphis, Tennessee, yet one or two orders of magnitude lower than 

atmospheric particles collected from the active sampler in Beijing. The rest 10 N.D. 

samples were all collected from areas inaccessible by vehicles. Spatial distribution 

mapping showed that EPFR levels in commercial and residential areas with high 

traffic volume were generally higher than agricultural land, woodland, parks and 

educational areas. Besides, from our observation and estimation, waste incineration 

is not an important contributor of airborne EPFRs.  

The g-values of EPFRs in particles on the surface of tree leaves ranged from 

2.0028 to 2.0049 and the majority of them were recognized as oxygen-centered free 
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radicals. This indicates that EPFRs collected from particles on tree leaves might 

experience more atmospheric oxidation processes compared to particles collected 

from the active sampler. According to our estimation, over 90% of the EPFRs 

deposited on tree leaves might be attributed to automotive exhaust emissions, as a 

synergistic effect of primary exhausts and degradation of aromatic compounds in 

road dust. 

As an emerging category of pollutants, the regular monitoring of EPFRs has 

not been implemented nationwide in any country. The study not only provides 

regional-scale airborne EPFR distribution patterns in multiple areas around China, 

but also put forwards a new insight about the dominant source (> 90%) of EPFRs 

deposited on tree leaves, which originated from both primary exhausts and the 

secondary formation in soil/road dust through aromatic precursors. Our study 

indicates that the waste incineration industry with low emissions or effective flue 

gas purification devices might not be an important contributor. This explanation 

overturns a previous understanding that primary emissions from thermal-related 

stationary sources might be the major source and accounts for why airborne EPFRs 

are ubiquitous in the environment, especially in the urban areas with no stationary 

emissions in surrounding areas. In addition, compared to PM2.5 samples collected 

by the active sampler, significant differences might exist in EPFR species and 

sources collected from the passive phytosampler. To avoid uncertain interferences, 

the high-volume active particle samplers are normally settled a certain height above 

ground (10 m for instance). The passive phytosampling method collects leaf 

samples at 1.5 to 2 m above the ground. These samples might be more similar to air 

inhaled by humans who conduct activities at ground level, and thus, the potential 

health risk induced by EPFRs than those of active samplers located higher of the 



207 

 

ground. This study proves that the phytosamping method might provide a better 

approach to understand the community EPFR exposure at a regional scale; areas 

with high EPFR levels could be highlighted out for potential health risk 

identification. 

To conclude, surface-medicated precursor reaction might be the dominant 

formation pathways in HW incineration with high chlorine content in raw materials; 

and in that case, quenching tower might fail to inhibit PCDD/F formations in HW 

incineration. In addition, this research found eight types of single particles emitted 

by the HW incineration industry which were previously unreported. Four novel 

formation pathways of primary particles in hazardous waste incineration process 

were firstly proposed. For the environmental behaviors of pollutants, co-processing 

waste in a cement plant is an important contributor of PAHs, Hg and Cd 

contaminations in the surrounding soil, while waste incineration is not the dominant 

source of airborne EPFRs. Co-processing hazardous waste in cement plants might 

pose environmental and human health risks in the surrounding area (within 1200m). 

Ultimately, in order to help the incineration industry achieve cleaner emissions, 

several suggested solutions are proposed: first, the sorting systems for municipal 

solid waste and hazardous waste need to be improved so that materials unsuitable 

for incineration (especially with high chlorine content and transition metals) would 

not be fed into incinerators; second, in daily operation, the combustion conditions 

and input of activated carbon should remain stable in normal state; third, the related 

national regulations on air pollutants need to be in keeping with international high 

standards, and the monitoring frequency for PCDD/Fs might need be increased. 
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6.2 Innovations and Scientific Contributions 

The innovativeness of study mainly reflects in (1) firstly conducted a 

mechanism study in a full-scale waste incinerator for PCDD/Fs and primary 

particles formation pathways; (2) firstly reported that the quenching tower might 

lose the efficacy of inhibiting PCDD/Fs’ formation if the chlorinated precursor 

contents is high in feed material; (3) firstly summarized eight type of single particles 

emitted from HW incineration process; (4) firstly reported that co-processing 

hazardous waste in cement plants might pose environmental and human health risks 

in the surrounding area; (5) firstly investigated the spatial distribution of EPFRs and 

found that vehicle emission might be the predominant source of airborne EPFRs.  

From the perspective of the scientific contribution, this study provides updated 

information to understand the PCDD/F formation mechanisms under different feed 

materials. This suggests that surface-mediated precursor reaction might be the 

dominant pathway rather than de novo synthesis under a chlorinated precursor 

content. Studies observations help the incineration companies to build a theory-

supported pollution control and reduction system. The morphology study of single 

particles emitted from HW incineration process provides novel information to air 

pollution source apportionment and secondary pollution formation study. In 

addition, characterizing the morphology and elemental composition of particles in 

the indoor air of the incineration workshop paves a way to investigate the 

occupational exposure and potential health risks of workers. Therefore, this study 

is significant for waste incineration industry in terms of secondary pollution control, 

as well as local population’s health risk assessment.  
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6.3 Limitation of this study 

In the present study, there are several limitations due to the actual experimental 

conditions and limited analytical expense. In the PCDD/F formation mechanism 

study, three tests were designed but only in test A, the experiment and sample 

collection were conducted in three parallel samples. For tests B and C, glue gas 

samples only collected twice. This is mainly due to the limited amount of the 

homogenized feed waste. Apart from that, the sequence of these three tests could 

be better designed. Ideally, test B, the blank control group, should be conducted 

before adding naphthalene and chlorobenzene. However, this study was based on a 

project acceptance performance test, which was test A. According to the 

requirement of the cooperating company, tests B and C should be designed after the 

acceptance performance test. This sequencing caused the elevated PCDD/F 

emission levels in the control group, which might be due to the adsorptive memory 

effect. 

In the single particle morphology study, because TEM-EDS analysis is 

expensive and time-consuming, the number of particles being analyzed was limited. 

In the future, with the permission of research grant and time, statistical investigation 

can be conducted to provide detailed percentage information of each type of 

particles. This might be also helpful to identify toxic pollutants inhaled by workers 

especially heavy metals for occupational exposure assessment. 

Moreover, in the process of collecting samples and visiting workshops of the 

incineration facilities, the chemical pungent smells in the industry park was 

unforgettable. In addition, during the sampling, it is found that several workers 

suffered from severe cough. These observations suggest an urgent need to monitor 

the occupational exposure of workers in HW incineration industry. Besides, 
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attention should be paid on their long-term health status too. However, due to the 

social sensitivity of this issue, currently, it is difficult to obtain their biological 

samples such as urine, blood, hair, and skin-wipe samples for laboratory analysis. 

Since it is of great necessity and importance, we hope the occupational exposure 

risk assessment study can be carried out in the near future. 

 

6.4 Future work 

There are three possible future research efforts based on the present study, 

which are (1) identifying and characterizing the most health-threatening pollutants 

in indoor air of HW incineration workshop; (2) calculating the inhalation and 

dermal exposure amount of different toxic compounds for workers and assessing 

the relevant health risks (carcinogenic and non-carcinogenic); and (3) conducting 

occupational epidemiology study to investigate the concentrations such as PAH 

metabolites in workers’ urine and biomarkers in blood samples, as well as assess 

chronic and acute health impacts on workers. 

For the first and second parts, the concentrations of pollutants (e.g. PAHs, 

substituted PAHs such as oxygenated PAHs, nitro-PAHs, and chlorinated PAHs, 

PCDD/Fs, PCBs, heavy metals, magnetic metals, etc.) should be measured in the 

indoor air of HW incineration facilities. To investigate pollution levels in vapor 

phase and particle phase, indoor air samples should be collected through a cascade 

sampler including a particle filter and a XAD-2 resin. Sampling sites can be set at 

multiple areas of a workshop, including beside the fly ash and bottom ash collectors. 

It is worth mentioning that for organic pollutant analysis, using a tandem MS under 

multiple reaction monitoring (MRM) mode is suitable for substituted PAHs such as 
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Cl-PAHs for the improvement in detection sensitivity; while for single particle 

imaging, TEM-EDS analysis is an useful tool not only on providing morphology 

and elemental-composition information, but also on presenting lattice structure of 

metallic compounds. Once the pollutant concentration information and their toxic 

equivalence factors are obtained, the daily exposure amount (via inhalation and 

dermal contact) for workers can be estimated. Probabilities of adverse health impact 

caused by these pollutants can be calculated through risk assessment models, and 

thus, the most health-threating pollutants can be selected out.  

For the third part, once workers’ urine samples are obtained, the metabolites 

of PAHs (e.g. OH-naphthalene, OH-pyrene, OH-fluorene, OH-phenanthrene, OH-

benzo(a)pyrene, etc.) can be measured by enzymolysis coupled with high 

performance liquid chromatography-mass spectrometry (HPLC-MS) analysis. 

Exposure to PAHs has been linked with multiple adverse health effects, both 

carcinogenic and non- carcinogenic, such as asthma [311], lung cancer [312-314], 

DNA and proteins damage [315], cardiovascular diseases [316, 317], renal and 

dermatologic damage [318], etc. For lung function test, force vital capacity and first 

second forced expiratory flow are two basic indicators that can be acquired from 

physical examination report of workers. For DNA damage study, urinary 8-

hydroxydeoxyguanosine (8-OHdG) is an important indicator for evaluating 

oxidative DAN damage [319]. 

For blood samples, the biomarker, benzo[a]pyrene-r-7,t-8,t-9,c-10-

tetrahydotetrol-albumin (BPDE-Alb) adducts in plasma has been widely adopted as 

an indicator for long-term exposure to carcinogenic PAHs [319]. In addition, in 

blood samples, telomere length and mitochondrial DNA copy number can be tested 

by quantitative PCR, which are also widely adopted indicators for DNA damage. 
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Besides, previous studies also reported that DNA methylation of certain genes is 

related with occupational PAH exposure, which can be monitored using 

pyrosequencing [312]. Since all the mentioned biomarkers exist in blood samples, 

it is of great significance in workers’ blood acquisition. 
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