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Abstract: Emissions from domestic coal burning are generally recognized as the cause of the lung 
cancer epidemic in Xuanwei City, Yunnan Province, China. To examine the physicochemical char-
acteristics of airborne particles emitted from burning this locally sourced coal, PM2.5 samples were 
collected from Hutou village which has high levels of lung cancer, and Xize village located approx-
imately 30 km from Hutou without lung cancer cases. Transmission Electron Microscopy-Energy 
Dispersive X-ray (TEM-EDX) analysis was employed to study the physiochemical features and 
chemistry of individual particles. Sulfur and silica are the most abundant elements found in the 
airborne particles in both of the two villages. Fewer elements in aerosol particles were found in Xize 
village compared with Hutou village. Based on the morphologies and chemical compositions, the 
particles in Xuanwei can be classified into five types including composite particles (38.6%); organic, 
soot, tar balls, and biologicals (28.3%); sulfate (14.1%); fly ash (9.8%); and minerals (9.2%). The par-
ticles in Hutou village are abundant in the size range of 0.4–0.8 μm while that in Xize is 0.7–0.8 μm. 
Composite particles are the most common types in all the size ranges. The percentage of composite 
particles shows two peaks in the small size range (0.1–0.2 μm) and the large size ranges (2–2.3 μm) 
in Hutou village while that shows an even distribution in all size ranges in Xize village. Core-shell 
particles are typical types of composite particles, with the solid ‘core’ consisting of materials such 
as fly ash or mineral grains, and the shell or surface layer being an adhering soluble compound such 
as sulfates or organics. The heterogeneous reactions of particles with acidic liquid layers produce 
the core-shell structures. Typically, the equivalent diameter of the core-shell particles is in the range 
of 0.5–2.5 μm, averaging 1.6 μm, and the core-shell ratio is usually between 0.4 and 0.8, with an 
average of 0.6. Regardless of the sizes of the particles, the relatively high core-shell ratios imply a 
less aging state, which suggests that the core-shell particles were relatively recently formed. Once 
the coal-burning particles are inhaled into the human deep lung, they can cause damage to lung 
cells and harm to human health. 
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Academic Editor: Daniele Contini 

Received: 31 December 2024 

Revised: 22 January 2025 

Accepted: 3 February 2025 

Published: 6 February 2025 

Citation: Hu, Y.; Shao, L.; BéruBé, K.; 

Wang, N.; Hou, C.; Fan, J.; Jones, T. 

Physicochemical Characteristics  

of Individual Indoor Airborne Particles 

in the High Lung Cancer Rate Area 

in Xuanwei, China. Atmosphere 2025, 

16, 187. https://doi.org/10.3390/ 

atmos16020187 

Copyright: © 2025 by the authors. 

Submitted for possible open access 

publication under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Atmosphere 2025, 16, 187 2 of 16 
 

 

1. Introduction 
Xuanwei City, a county-level city in Yunnan Province, is not only an area with rich 

coal resources but also the most serious area of lung cancer in China [1]. The annual lung 
cancer rate in Xuanwei City is among the highest in China; especially in women 
(27.95/100,000) compared to men (24.49/100,000) [2]. The incidence rate and mortality of 
lung cancer rank first in the world [3]. According to the results of a nationwide retrospec-
tive mortality survey from 1973 to 2005, the standardized male-to-female ratio of lung 
cancer mortality in the Xuanwei region is close to 1.22, significantly lower than the Asian 
and global average ratios [4]. There are significant regional differences in the mortality 
rate of lung cancer in Xuanwei, with the Hutou village having the highest lung cancer 
mortality rates, being above 100/100,000 [5], and the Xize village having no reported lung 
cancer cases [1]. In Xuanwei, most men and very few women smoke tobacco. A large pro-
portion of farming families cook food for themselves and their animals, mostly pigs, using 
their household coal-burning stove [6]; however, some use an electric induction cooker. 
The preparation of food is typically undertaken by the women; therefore, they are the 
family members most exposed to coal combustion emissions. Several studies have shown 
that lung cancer mortality in Xuanwei was highly associated with the domestic use of 
bituminous coals [7–9]. Large numbers of particles are produced during coal combustion 
depending on the coal quality and burning conditions, and a significant number of toxic 
substances are associated with those combustion particles [10–12] potentially harmful to 
human health. Toxicological studies have shown that the combustion products from the 
Xuanwei bituminous coal are more tumorigenic and mutagenic than combustion products 
from other solid fuels such as anthracite coal and wood products [7,13,14]. The indoor air 
emission of crystalline silica from coal burning has been interpreted as the critical expo-
sure variable associated with the lung cancer epidemic in Xuanwei.. Therefore, elevated 
levels of respiration of combustion particles in a confined space, with the source being 
released from mineral grains from the high-ash coal burning at relatively low tempera-
tures. It is noteworthy that the resulting disease in Xuanwei is lung cancer, rather than the 
non-cancer fibrotic disease silicosis that is commonly associated with respirable crystal-
line silica [15]. The high silica content in Xuanwei coal is regarded as interacting with toxic 
volatiles in the coal to cause unusually high rates of lung cancer [11]. A study by Lu et al. 
(2014) found that ambient particles from the local coal combustion in the Xuanwei atmos-
phere had the ability to produce free radicals, which potentially are harmful to human 
health [16]. 

A knowledge of the chemistry of individual particles is crucial to understanding the 
hygroscopic and optical properties of particles and to provide information about their at-
mospheric history [17,18]. Individual particle analysis can provide direct microscopic in-
formation about the state of these non-refractory particles and explain the heterogeneous 
reactions on the particle surfaces during air pollution episodes [19–27]. 

The aim of this research was to elucidate the physicochemistry and properties of res-
pirable individual atmospheric particles in the Xuanwei lung cancer areas. TEM-EDX was 
used to investigate the structure of individual particles, including measuring their size 
ranges, core-shell diameter ratios, and elemental compositions. A classification of particle 
types is proposed. The relationship between particle physicochemical properties and the 
high incidence of localized lung cancer is discussed. 

2. Sampling and Experiments 
2.1. Sampling 

Hutou village, the highest lung cancer mortality rate, is located in the southeast of 
Xuanwei, Yunnan Province, China (Figure 1). Yantang mine is the nearest coal mine, 
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about 1.4 km away from the village and the main coal source for Hutou. Xize village, 
having low or no reported lung cancer cases, is located in the west of Xuanwei, and is a 
mountainous agricultural community. The Xize residents usually use biomass as fuel for 
cooking and preparing pigwash (AKA, Pigswill a viscous liquid pig food). Since 1973, 
many Xuanwei residents have used portable stoves or stoves with ventilation through an 
underground chimney pipe [14]. Almost every family in Xuanwei raises pigs, so people 
from Hutou and Xize villages cook a large amount of pigwash every day (Figure 2). 

 

Figure 1. Maps showing sampling localities Hutou and Xize villages in Xuanwei City. (In the images 
on the left, yellow area represents Yunnan Province, red area represents Xuanwei city; In the image 
on the right, red font represents villages, blue font represents coal mine in Xuanwei city). 
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Figure 2. Pigwash cooking in the Hutou village of Xuanwei. (Photo by Ying Hu). 

The indoor and outdoor atmospheric particles were collected from Hutou and Xize 
villages from 16th to 26th November 2013 (Table 1). Hutou village has high lung cancer 
mortality rates, and Xize village has low lung cancer mortality rates, with these two vil-
lages located around 30 km apart (Figure 1). At Hutou village, atmospheric particles were 
collected inside two houses; one in which the family used bituminous coal from the Yan-
tang mine in a ventilated fixed stove for cooking, and the other used an electromagnetic 
oven for cooking. In Xize village, atmospheric particles were collected inside two houses, 
one in which the family used biomass as fuel for cooking pigwash, and the other where 
an electromagnetic oven was used for cooking. Outdoor air atmospheric particles were 
also collected just outside the four houses. 

Table 1. Information of analyzed samples from Xuanwei (HT-Hutou village, XZ-Xize village, T—
temperature, RH—relative humidity, P—barometric pressure). 

Sample 
NO. 

TEM 
NO. 

T/℃ 
RH 
/% 

P/hPa Duration/s Date and Start Time 
Sampling 

Site 
Fuel Status 

1 A1 12 75.4 810.1 60 2013.11.16 8:50 HT coal  
2 A3 12.2 70.7 810.5 60 2013.11.16 9:49 HT electricity  
3 B5 15.4 83.1 808.8 60 2013.11.17 9:04 HT coal cooking 
4 D5 15.9 76.7 809.3 40 2013.11.18 9:36 HT coal cooking 
5 F3 13.7 80.1 807.7 40 2013.11.19 9:30 HT electricity cooking 
6 K5 9.3 85.6 804.4 90 2013.11.22 10:00 HT outdoor  Sunny 
7 P5 18.8 45.6 817.3 60 2013.11.24 16:00 XZ biomass cooking 
8 T1 11.1 72.8 815.1 60 2013.11.26 9:45 XZ outdoor  Sunny 

The individual airborne particles (PM2.5) were directly collected on copper TEM grids 
coated with a carbon film (300-mesh copper, Model T10023, Beijing XinXingBaiRui Tech-
nology Co., LTD., Beijing, China) using an individual-stage cascade impactor (l L/min, 
Model KB-2F, Qingdao instrument Co., LTD., Qingdao, China). The sampling time ranged 
from 10–90 s depending on the particle loading, which was estimated from different in-
door conditions, such as a visual assessment of cooking emissions inside the house, the 
sampling distances between cookers and sampler ranged from 1 to 5 m. The meteorolog-
ical parameters during sampling were automatically recorded by a Kestral 4000 weather 
and environmental meter (Boothwyn, PA, USA) (Table 1). The samples were stored in an 
air dryer at a constant humidity of 20 ± 3% before analysis. A total of 717 individual par-
ticles were analyzed from the 4 different samples. In addition, PM10 and PM2.5 were 
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collected, respectively, on a 90 mm quartz filter using the medium flow TSP-PM10-PM2.5 
sampler (100 L/min, Model KB-120E, Qingdao instrument Co., LTD., Qingdao, China). 

2.2. TEM-EDX 

The aerosol samples were analyzed by TEM-EDX (AMETEK, Inc.) at the China Uni-
versity of Petroleum in Beijing. The elemental composition was determined by Energy 
Dispersive X-ray spectroscopy (EDX) with 200 kV and a 30 s spectral acquisition time. As 
the TEM grids were made of Cu this element was excluded from the analysis. The distri-
bution of aerosol particles on the TEM grids was not uniform, with coarser particles typi-
cally near the center and finer particles on the periphery. Therefore, to ensure a repre-
sentative particle analysis, five areas were chosen from the center to the periphery of the 
sampling spot on each grid. All the particles larger than 0.1 μm in the selected areas were 
analyzed [28,29]. Images were taken of all the different particle types seen during the analysis. 

3. Results 
3.1. Element Frequency in Individual Particles of Different Sizes 

The aerosol particles in Xuanwei showed complex physicochemical compositions. 
The EDX detected 39 elements in addition to C, including Na, Mg, Al, Si, S, Cl, K, Ca, Ti, 
Fe, P, Zn, and Mn. Figure 3 shows the percentage of element presence in the analyzed 
particles from the two villages. Overall, S and Si are the most abundant elements in both 
villages. In Hutou village, Si and S are the most common (20%), followed by Fe (16%), Na 
(8%), Al (6%), Ca (6%) and Zn (5%), the percentages of Cr, K, Cl, P, Ni, Mg, Ti, Co, Cd, 
Mg, Mn, Ta, Cu, and V are less than 5%. For particles from Xize village, S is the most 
abundant element (51%), followed by Si (27%), K (7%), and Ca (6%), the percentage of 
other elements is below 5% including Al, Fe, Na, Mn, Co, Mg, Ti, As, and P. In Xize village, 
fewer elements were found compared with Hutou village, and As was not detected in 
Hutou village particles. A positive correlation exists between the heavy metal element 
compositions and the hemolysis of human red blood cells of PM10 particles [30,31]. In the 
Hutou samples, heavy metals such as Zn showed a higher percentage than in the Xize 
samples. Therefore, the heavy metal elements in particles could be hazards for the local resi-
dents. 

 

Figure 3. Percentage of elements in particles from the Hutou and Xize villages. XZ is for Xize village 
and HT is for Hutou village. 
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3.2. Individual Particle Types 

Based on their morphologies and chemical compositions, we classified the aerosol 
particles into five types: fly ash, organic (soot, tar balls, and biological), minerals, sulfate, 
and composite particles (Figure 4). 

 

Figure 4. Different types of individual airborne particles in the Hutou and Xize villages. (The red 
numbers in the image shows an example of positions of spots when EDX analysis is performed). 

The main components of fly ash are Si and O, and their morphology shows as small 
spheres. These are nanoparticles or fine particles of SiO2, released into the air during coal 
combustion. It is probable that they represent melted and solidified spheres that are 
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sourced from silicates in the mineral (ash) component of the coal. They are, therefore, ef-
fectively SiO2 amorphous glass spheres that are contaminated by small amounts of other 
elements, typically non-combustible metals also found in coal ash. They have been con-
sidered as a possible cause of the lung cancer epidemic in Xuanwei area [14]. However, it 
is noted that most inhaled SiO2 that has been linked to lung cancer is crystalline, not amor-
phous, and the carcinogenicity is believed to be caused by the charged crystalline surfaces 
with broken ionic bonds. There is still uncertainty about the carcinogenicity of glass amor-
phous products. The International Agency for Research on Cancer (IARC) concluded special 
purpose and refractory ceramic fibers are “possibly carcinogenic to humans”. Insulation glass 
wool and filaments, rock and slag wool are “not classifiable as to their carcinogenicity to hu-
man.” The National Toxicology Program (NTP)’s 12th report on carcinogens lists “certain 
glass wool fibers” as “reasonably anticipated to be a human carcinogen” [32]. 

Soot and tar balls are the results of incomplete fossil fuel combustion [33–36], in the 
Xuanwei particles the fossil fuel source will overwhelmingly be the local coal. Soot, a solid 
product, consists of nanoparticulate carbon spheres that form individually and then ag-
gregate to form morphologically distinct chain-like or clusters that are considered indi-
vidual particles. Residential firewood burning mainly emits pure carbonaceous particles 
(including organic matter (OM) and soot particles) [37,38]. Tar balls are microscopic drop-
lets of highly viscous hydrocarbons and can be identified under electron microscopy by 
their unstable behavior under the electron beam, whereas the glass fly ash spheres are 
stable under the beam. In addition, biological particles such as sporopollen and siliceous 
diatoms showing excellent preserved structure were identified and are included in the 
‘organics’ classification. Primary carbonaceous particles such as tar balls and soot warrant 
further attention due to their strong light-absorbing properties, presence of toxic organic 
constituents, and small size, which can impact human health [39]. 

Mineral particles show both regular and irregular morphologies. In most of the ir-
regular mineral particles, TEM-EDX analysis showed that the main elements were Si, Al, 
Ca, S, K, and Fe, which is interpreted as the majority of the mineral particles were clays 
derived from natural sources such as crustal dust. However, it is possible that some min-
eral grains were released from the coal combustion as ash, with the domestic fire temper-
atures not reaching sufficient temperatures to melt the minerals converting them into fly 
ash. The regular-shaped minerals include gypsum, which can be formed by secondary 
reactions [40]; however, it is noted that gypsum is a common mineral naturally found in 
soil. In the atmosphere, mineral dust particles can act as cloud condensation nuclei, chang-
ing the reflectivity and duration of clouds. They react with trace atmospheric gases such as 
HNO3 and SO2, altering atmospheric trace gas composition, and thus influencing global cli-
mate [41–46]. 

Biomass combustion can cause a significant increase in the concentration of particu-
late matter, which could promote the formation of organic matter and secondary ions such 
as SO42−, NO3−and NH4+ [47]. Sulfuric acid is rapidly neutralized by ammonia in the gas or 
aqueous phase after it is formed through homogeneous or heterogeneous reactions [48]. 
It was found that the interaction between organic and sulfuric acids promotes the efficient 
formation of organic and sulfate aerosols in the polluted atmosphere [49]. Sulfate for-
mation is efficient on aluminosilicate-rich dust particles [45,50], which ties in with the 
identification of the majority of the airborne minerals as clays. 

The composite particles in Xuanwei are mixtures of minerals, organics, sulfates, soot, 
compounds containing metals, and tar balls. These heterogeneous particles typically form 
around a solid nucleus of mineral or fly ash, with an outer layer or coating of secondary 
materials such as sulfates condensing on the surface. Composite particles are relatively 
chemically unstable compared to the other types, and the ongoing reactions can give an 
indication of the particle’s formation age and primary sources. In addition, composite 
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particles can be an agglomeration of smaller primary particles forming a larger ‘composite 
of the different types. For the identification, even if the individual components of a com-
posite can be identified, they are still classified as individual composite particles. 

3.3. Size Distribution of Individual Particles in Xuanwei 

A total of 717 particles from 8 samples were analyzed by TEM-EDX including 531 parti-
cles from Hutou and 186 particles from Xize village. Image J 1.48V software (Wayne Rasband, 
National Institutes of Health, Kesington, MA, USA) was used to measure the size and area of 
each of these particles. The equivalent diameter of the particles is divided into 26 size groups: 
<0.1 μm, 0.1 μm to 2.5 μm with 0.1 μm interval and >2.5 μm. The numbers at all these levels 
are recorded and shown as bar graphs (Figure 5 and Figure 6). 

 

Figure 5. Number-size distribution of individual particles from the Hutou and Xize villages. 

The particles in Hutou village are abundant in the size range of 0.4–0.8 μm, and the 
particles in Xize village are over the size range of 0.7–0.8 μm. Particles above 2 μm are rare 
in both villages. The size distributions in particles from the two villages show a very sim-
ilar pattern. According to monitoring results, the mass concentration of PM10 in Hutou 
and Xize is around 189 μg/m3 and 156 μg/m3, respectively, and the mass concentration of 
PM2.5 in Hutou and Xize is around 83 μg/m3 and 41 μg/m3, respectively. As the particle 
mass concentrations of Hutou village are higher than that of Xize, the particle mass in 
each size range is accordingly higher in Hutou. 

In a comparison of particles from biomass-burning and coal-burning, the particles 
from coal-burning are abundant over the size range of 0.4–1.1 μm, and the number of 
particles from biomass-burning over the size range of 0.3–0.8 μm. Particles with sizes 
larger than 2 μm are rare from both fuels. 

All of the collected particles are inhalable (PM10), and the vast majority are respirable 
(PM2.5), and thus able to reach the distal gas-exchange parts of the lung. Exposures to 
pollutants result in pollutant-specific oxidative/nitrative stress changes in the lungs and 
circulation [51]. Ambient air particles in the Xuanwei atmosphere have the ability to gen-
erate free radicals, and fine and ultrafine particles are hazardous to local residents [16]. 
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Figure 6. Number-size distribution of Hutou coal-burning and Xize biomass-burning individual 
particles. 

3.4. Size Distribution of Different Individual Particle Types 

All the particles are classified into 7 types and the distribution in the 26 size ranges 
is plotted (Figure 7). Composite particles were the most abundant in all size ranges in both 
villages. In Hutou village, the percentage of composite particles shows two peaks in the 
small size range (0.1–0.2 μm) and the large size range (2–2.3 μm). In Xize village, the percent-
age of composite particles shows an even distribution in all size ranges. Mineral particles in 
Xize were most abundant in almost every size range when compared to Hutou village. 
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Figure 7. Relative percentages of different individual particle types in different size ranges in indi-
vidual particles from Hutou and Xize villages. 

3.5. The Core-Shell Structure of Airborne Particles in Xuanwei 

Composite particles are the most common type of particles in Xuanwei. In composite 
particle classification, one kind of particle is referred to as a ‘core-shell’ particle. Of the 277 
composite particles analyzed, 32 particles had core-shell structures (Figure 8). The ’core’ of 
these composite particles consists of different materials such as fly ash or mineral grains, 
whereas the outer layer tends to be a soluble compound such as sulfates or organics. 
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Figure 8. Individual particles with core-shell structures in individual particles from Hutou and Xize 
villages. (The red numbers in the image shows an example of positions of spots when EDX analysis 
is performed). 
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For composite particles, aerosols derived as secondary sulfates and nitrates are im-
portant compounds to envelope solid core particles such as minerals, metal-containing, 
fly ash, and soot [28,52–56]. The heterogeneous reactions of alkaline minerals and NaCl 
with SO2, NOx, and their acids (HNO3 and H2SO4) can produce hygroscopic nitrates and 
sulfates [57,58]. Most composite particles are formed through condensation, coagulation, 
and cloud processing during atmospheric transports; only a small fraction are directly 
emitted from sources [17]. Soot aging mechanisms revealed that condensation dominates 
fresh soot aging when the particle diameter is <400 nm; coagulation leads to multi-soot 
cores in a particle with a diameter > 400 nm [59]. 

In Xuanwei indoor airborne solid particles include fly ash, organics, and minerals. 
Acidic gases such as SO2 and NOx in the atmosphere dissolve into water vapor and form 
ions such as H+, SO42−, and NO3−. The acidic liquid forms an envelope around the solid 
particles and reacts with the particle compounds in the core. Some parts of the cores dis-
solve in the envelope, for example, parts of mineral cores become Ca2+, Na+, and M (other 
metals), then the CaSO4, Na2SO4, and metal sulfates (MSO4). The surface of some mineral 
particles can lead to further absorption of soluble acidic gases. This atmospheric process 
has been understood for many years, with famous pollution episodes including the “yel-
low smogs” of London in the 1950s [60]. 

When the core-shell particles are inhaled by humans into the lung, the soluble salts 
contact with the lung’s defensive mechanisms such as the epithelial lining fluid, and metal 
ions such as Zn2+ and Fe2+ can be released. As a result, these particles can have a negative 
health impact on the human airway epithelial cells [61,62]. 

4. Discussion 
4.1. The Features of Coal-Burning Particles in Xuanwei 

S, Si, and Fe are the most abundant elements in the Hutou airborne particles, typically 
corresponding in Xuanwei to some individual particle types including, fly ash with the 
main elements Si and O, and sulfate, suggesting emissions from coal-burning. The coal-
burning particles are abundant in the size range of 0.4–1.1 μm, over which size range soot 
and composite particles are dominant. The IARC classified quartz as a group 1 substance-
carcinogen for humans (International Agency for Research on Cancer, 1996). The low-
temperature domestic burning of the local coal will have resulted in the release of some 
airborne crystalline silica along with some melted minerals in the form of fly ash. It is 
noted, however, that these types of combustion emissions are common all around the 
world, and therefore assigning them as a possible cause of the cancer clusters in these Chinese 
villages is problematic as they do not appear to have a similar respiratory health impact else-
where [63]. 

4.2. The Aging State of Core-Shell Particles in Xuanwei 

The typical core-shell structure consists of a solid central core with an outer envelope 
or shell of secondary material that forms in an aqueous coating. The relative thickness of 
the outer layer compared to the core represents the time and extent of the chemical process 
that the particles took to form [64]. As such, aging is a function of change or additions to 
the particles, rather than time. Controlling factors will include the pH of the liquid enve-
lope, the RH of the atmosphere, the chemistry of the atmospheric water-soluble gases, and 
the chemistry of the core. The equivalent spherical diameter of the core and the shell are 
defined as R1 and R2, respectively. The calculated R1/R2 ratio thus represents the aging 
state, the smaller the R1/R2 the greater the aging state. The R1/R2 ratios of the core-shell 
particles in Xuanwei are plotted against the equivalent spherical diameters of these parti-
cles (Figure 9). Typically, the equivalent spherical diameter of the core-shell particles 
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ranges from 0.5–2.5 μm, averaging 1.6 μm; therefore, the R1/R2 of most core-shell particles 
is between 0.4 and 0.8, with an average of 0.6. Regardless of the sizes of the particles, the 
relatively high R1/R2 ratios imply a generally less aging state for the Xuanwei particles. 

 

Figure 9. R1/R2 ratio of 32 individual particles with core (R1)-shell (R2) structure in the Hutou and 
Xize villages. (R represents the equivalent diameter of the core-shell particle). 

5. Conclusions 
S and Si are the most abundant elements found in the atmospheric particles in 

Xuanwei. Individual particles were analyzed by TEM-EDX and classified into five types: 
fly ash, organic (soot, tar balls, and biological), mineral, sulfate, and composite particles. 
Composite particles are the most common type, followed by organic, sulfate, and fly ash 
particles. Most composite particles were externally or internally mixed soot, organic, and 
mineral particles with sulfates or organics. The solid individual particles including fly ash, 
organics, and minerals can combine and react with acidic gases such as SO2 and NOx in 
the atmosphere to form aqueous liquid envelopes containing H+, SO42−, and NO3−. With 
further chemical reactions between the core and certain elements including metals in the 
liquid envelope, they can precipitate on the particles as salts as the liquid envelope evap-
orates, or be mobilized and bioavailable in the liquid envelope. The sizes of individual 
particles are almost always below 2 μm, which is respirable and thus they are able to reach 
the distal path of the human lung. Once the coal-burning particles are inhaled into the 
human deep lung, they can cause damage to lung cells and harm to human health. 
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