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ABSTRACT
The physical and chemical properties as well as the oxidative potential (OP) of water soluble compo-
nents of coal combustion fine particles were examined. A laboratory-scale pulverized-coal burning
system was used to produce coal combustion particles at different burning temperatures of 550 �C,
700 �C, 900 �C, and 1,100 �C. Few studies have reported the effects of burning temperature on both
the chemistry and toxicity of coal combustion particles. The highest mass emission factor of particu-
late matter less than 2.5mm (PM2.5) was found to be produced at 700 �C (3.51g/kg), owing to strong
elemental carbon (EC) emission and ash formation (ions and elements) resulting from the incomplete
combustion of tar and char, and mineral fragmentation. The highest organic carbon in PM2.5 was
found at 550 �C. At a temperature higher than 700 �C, the fraction of carbonaceous species decreased
while the fractions of ions and elements increased owing to ash formation. Sulfate was found to be
the dominant ionic species, followed by sodium, calcium, and magnesium. The highest emission of
elements (Al, As, Ba, Cd, Co, Cu, Fe, Mn, Ni, Pb, Sr, Ti, V, and Zn) and the highest fractions of Fe and
Al were observed at 700 �C. Intrinsic OP activities obtained from dithiothreitol (DTT) and electron spin
resonance (ESR) assays showed the highest values at 550 �C, suggesting that fine particles from low-
temperature coal combustion had the highest reactive oxygen species generation capability (poten-
tially toxic) among various tested burning temperatures. The results of principal component analysis
suggested a correlation between OP-DTT activity and OC, EC, Cd, Co, V, and Zn, while OP-ESR activity
was associated with chloride, nitrate, Ba, Pb, Sr, and Ti.
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Introduction

Fine particles in the ambient atmosphere are of cur-
rent interest because of their effects on human health
(Dockery and Pope 1994; Peters et al. 1997; Kelly and
Fussell 2016; Weber et al. 2016), visibility impairment
(Watson 2002; Cao et al. 2012), and climate change
(IPCC 2014). The combustion of fossil fuels or bio-
masses is a major source of particulate matter less
than 2.5 lm (PM2.5). Coal is the most abundant fossil
fuel on Earth (Makino and Matsuda 2002; World
Energy Council 2013) and its wide use in the gener-
ation of electricity accounts for around 40% of global
electricity production (World Energy Council 2013)
and more than 70% and 35% of electricity production
in China (Biswas, Wang, and An 2011; Wang et al.

2013) and Korea (Shim and Seo 2013), respectively.
Moreover, coal is used for residential heating in
China and Mongolia (Zhang et al. 2008; Wang et al.
2011; Batjargal et al. 2010; Shen et al. 2010; Batmunkh
et al. 2013). Coal combustion can generate a signifi-
cant fraction of fine particles with possible adverse
health effects (Zhi et al. 2008; Li et al. 2016b). It is
therefore essential to determine the physicochemical
and toxicological properties of coal combustion
particles in order to understand their contributions to
ambient PM2.5 and the effects on human health.

The physical and chemical properties of coal com-
bustion particles depend on coal combustion conditions
(burning temperature, combustion efficiency, residence
time, and air-fuel ratio), coal properties, and coal rank
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(Solomon, Fletcher, and Pugmire 1993; Oros and
Simoneit 2000; Yoo et al. 2006; Zhang et al. 2008;
Popescu and Ionel 2010; Shen et al. 2012; Wang et al.
2013; Li et al. 2016b; Wang et al. 2016b). Various burn-
ing temperatures in the coal combustion process lead to
different types of emitted particles (Dacombe et al.
1999; Zhang et al. 2008; Li et al. 2016b; Wang et al.
2016b; Zhou et al. 2016). The burning temperatures in
residential coal combustion range from 200 �C to
1,100 �C and increase up to 1,700 �C in industrial coal
combustion (Raask 1985; Zhang et al. 2008; Zhi et al.
2008; Li et al. 2016b). In the early stage of combustion,
coal suffers from thermal stress caused by heating, and
its surface and inner area are thereby fractured into
small fragments (Li et al. 2016a). In addition, volatile
matter is released onto the surface of coal, forming tar
and subsequently burning out, and the remaining char
is later oxidized. Thus, owing to multiple coal burning
steps, the fine particles produced from coal combustion
contain various carbonaceous species (Streets et al.
2003; Cao, Zhang, and Zheng 2006; Ohara et al. 2007)
and minor and trace elements (Zhang and Tao 2009;
Shen et al. 2012). Submicrometer ash particles contain-
ing S, Hg, B, Br, Cl, F, I, and Se are mainly formed from
inorganic vapors by a condensation process, while
super-micrometer ash (fly ash) particles containing Al,
Ba, Cu, Co, Fe, Mn, Ni, Si, Ti, V, and Zn are produced
by mineral fragmentation during the burnout of char
(Taylor and Flagan 1981; Lind et al. 1996; Hammond
2003; Seames 2003).

A few toxicity studies related to coal combustion par-
ticles have been reported. According to these studies,
ultrafine coal fly ash particles caused higher inflamma-
tion and cytokine levels than coarse particles (Gilmour
et al. 2004). The types of coal also affected the toxicity of
coal combustion particles. Coal with higher volatile
matter contributed to higher toxicity (cytotoxicity and
global DNA methylation) in coal combustion particles
produced by residential stoves (Wang et al. 2016a).
Hydroxyl radical generation of coal combustion par-
ticles collected from the chimney of coal power plant
was much higher than total suspended particles in the
ambient atmosphere (Wang et al. 2018). However, the
effects of coal burning temperature on both the chemis-
try and toxicity of coal combustion particles have not
been adequately reported.

Various redox active compounds present in coal
are capable of producing reactive oxygen species
(ROS); these in turn are capable of causing a number
of adverse health effects in humans, for instance the
initiation of inflammatory cascades and continuous
stimulation can cause oxidative stress and cellular

damage such as protein oxidation, DNA damage or
alteration, and apoptosis (Hensley et al. 2000; Philip,
Rowley, and Schreiber 2004; Tuet et al. 2016).

In this study, a laboratory-scale pulverized-coal com-
bustion system was constructed to generate fine par-
ticles from coal combustion at different burning
temperatures (550–1,100 �C). The physical (mass con-
centration and size distribution) and chemical proper-
ties (ionic species, elements, elemental carbon [EC],
organic carbon [OC], and organic compounds) of these
particles were measured at different burning tempera-
tures. Further, the oxidative potential (OP) of the coal
combustion particles, which is the ability to generate
ROS, was measured using two different types of OP
assays—dithiothreitol (DTT) chemical assay and elec-
tron spin resonance (ESR) spectrometry—to assess the
water-soluble ROS activity of these particles. Two types
of OP assays were used in this study because each assay
is sensitive to different ROS-generating compounds
(OP-DTT for quinones and OP-ESR for transition metal
ions) (Charrier and Anastasio 2012; Yang et al. 2014).
Both assays can be used as complementary OP analyses
for coal combustion particles comprising various car-
bonaceous species and metals.

Experimental methods

A schematic of the experimental setup is shown in
Figure 1. A bench-scale high-temperature furnace
(Lindberg/Blue M, Model HTF55342C, Thermo
Electron Corp., Franklin, MA, USA) (Yoo et al. 2006;
Wang et al. 2013) with a quartz tube 70mm in diameter
and 1,200mm in length was used for the coal combus-
tion. The temperature was controlled by silicon heating
elements surrounding the tube and was measured at the
tube wall in the middle of the heated zone. Various tem-
peratures, that is, 550 �C, 700 �C, 900 �C, and 1,100 �C,
were tested. The laminar flow condition without burn-
ing coal provided the maximum temperature difference
between the tube wall and the center of the tube to
within 50 �C for the tube (70mm diameter) employed
here (Bejarano and Levendis 2008). The coal burning
process in the tube was found to generate heat affecting
the wall temperature, which increased between 0 �C and
3 �C. Cool water was circulated into both ends of the
tube to protect the o-ring seals. Bituminous coal
obtained from a coal power plant (Korea South Power
Co. Ltd., Hadong, Korea) was used to generate coal
combustion particles. The coal was pulverized and
sieved using a 200-mesh (less than 75mm) sieve before
being burned. It has been reported that bituminous coal
consists of fixed carbon (53%), volatile matter (30%),
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ash (14%), and water content (4%) (Kim et al. 2016).
The pulverized coal was fed into a quartz tube using a
solid aerosol generator (Model SAG 410, Topas GmbH,
Dresden, Germany) at a feeding rate of 3.5 g/h. The flow
rate through the furnace tube was 5.3 L/min, and the
residence time of the particles in the tube furnace
reactor was around 37 s at room temperature. The coal
combustion particles exiting the furnace were diluted
for filter sampling at a dilution ratio of 3 and were fur-
ther diluted (�100) by an aerosol diluter (Model 3302A,
TSI, Inc., St. Paul, MN, USA) for online aerosol meas-
urements. Leak tests and correction for the loss of par-
ticles transported through the generation system were
conducted at operating temperatures.

The online number size distribution of the coal
combustion particles was measured using a nanoscan
scanning mobility particle sizer (NanoScan SMPS)
(Model 3910, TSI, Inc.) (10–420 nm) and an optical
particle sizer (OPS) (Model 3330, TSI Inc.)
(0.3–10 lm). A multi-instrument manager software
(MIM 2.1, TSI Inc.) was used to merge two number
size distributions measured with the NanoScan SMPS
and OPS. The 30min average number size distribu-
tions from the NanoScan SMPS and OPS (24 data)
were used at different burning temperatures. The
online PM2.5 mass concentration was measured with a
Dust Trak (Model DRX, TSI Inc.).

Teflon and quartz filters were used to collect PM
to determine the mass concentration, ionic species,
elements, carbonaceous species, and OP for water sol-
uble components (i.e. water soluble OP) of PM2.5. 2–7

filter samples were used to obtain average chemical
and OP data including their standard errors.

The PM2.5 on a Teflon filter was extracted in
20mL of deionized (DI) water with sonication for 1 h
and shaking for 3 h. The extract was filtered through a
polytetrafluoroethylene (PTFE) syringe filter. Eight
ionic species—chloride Cl–, nitrate (NO3

–), sulfate
(SO4

2–), ammonium (NH4
þ), calcium (Ca2þ), magne-

sium (Mg2þ), potassium (Kþ), and sodium (Naþ)—
were determined using ion chromatography (IC) (850
Professional IC, Metrohm, Switzerland). For the deter-
mination of elements, the filtered extract was digested
with HNO3 and HCl (3:1) and was concentrated in
0.5mL using a microwave digester (Ethos 1600,
Milestone, Shelton, CT, USA). The concentrated sam-
ple was reconstituted to 10mL with a 2% HNO3 solu-
tion, and the sample was introduced to an inductively
coupled plasma mass spectrometer (ICP-MS)
(7500CE, Agilent Technologies, Wilmington, DE,
USA) to determine the elements: Al, As, Ba, Cd, Co,
Cu, Fe, Mn, Ni, Pb, Sr, Ti, V, and Zn (Saxena et al.
2017; Lee et al. 2018).

A quartz filter with a multichannel parallel-plate
denuder was used to collect PM2.5 to determine the OC
and EC. It was applied directly to the thermal-optical
OC–EC analyzer (Sunset Laboratory, Inc., Forest Grove,
OR, USA) to determine the mass concentrations of the
OC and EC. An additional quartz filter was used to
determine the organic compound groups. The PM2.5 on
a quartz filter was extracted in a mixture of dichlorome-
thane (DCM) and methanol (3:1) with sonication for

Figure 1. Schematic of the experimental setup.
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1 h, and four individual organic compound groups—
polycyclic aromatic hydrocarbons (PAHs), hopanes, n-
alkanes, and n-alkanoic acids—were analyzed by gas
chromatography–mass spectrometry (7890A GC, 5975C
MSD, Agilent Technologies) (Chang et al. 2017).

For determination of the OP, a sample obtained
using a Teflon filter was extracted in 5mL of DI water
by sonication for 1 h, and the extracted solution was
filtered by a 0.45 lm PTFE filter to eliminate insoluble
materials. Two and a half milliliters of the solution
was used to determine the OP by a DTT assay (OP-
DTT), and the rest of the solution was used to deter-
mine the OP by an ESR assay (OP-ESR). The details
of the OP analysis can be found elsewhere in the lit-
erature (Hellack et al. 2014; Bates et al. 2015; Fang
et al. 2015; Yang et al. 2015). In brief, a mixture of
17.5mL of the sample, 5mL of a 50mM potassium
phosphate buffer, and 2.5mL of 5mM DTT were
reacted in a shaking incubator at 37 �C and 150 rpm
(reaction step). In the determination step, a 1mL ali-
quot of the incubated mixture was periodically
sampled at intervals of 5, 15, 25, 35, and 45min and
transferred to a reaction vial containing 2mL of 1%
trichloroacetic acid, 4mL of 0.08M tris buffer with
4mM ethylendiaminetetraacetate (EDTA), and 1mL
of 1mM 5,5-dithiobis-2-nitrobenzoic acid (DTNB).
The absorbance of the samples was detected by an
ultraviolet–visible light (UV-VIS) spectrophotometer
(Model UV-1800, Shimadzu, Kyoto, Japan) at a wave-
length of 412 nm. The OP-DTT activity was defined
as the DTT consumption rate, which was calculated
using a linear regression between the absorbance and
the time (pmol/min). DI water and a 9,10-phenan-
thraquinone (PQN) solution were used for the nega-
tive and positive controls, respectively (Yang et al.
2014; Fang et al. 2015). To determine the OP-ESR,
100 mL of sample extracts, 200mL of 0.05M 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO), and 100 mL of
0.5M H2O2 (at a ratio of 1:2:1) were placed in an
Eppendorf tube (0.5mL). After incubation at 37 �C
and 200 rpm for 15min, the mixture in the Eppendorf
tube was transferred into a glass capillary (50 mL) tube
to measure the hydroxyl radical (DMPO-OH) signals
using an ESR spectrometer (JES-FA2000, JEOL Ltd.,
Tokyo, Japan). The OP-ESR activity was defined as
the average of the amplitudes of the DMPO-OH quar-
tet signals generated from the ESR spectrometer (arbi-
trary units). A copper sulfate (1, 5, and 10 mM of
CuSO4) solution was used as a positive control, and
DI water was used as a negative control (Hellack et al.
2014; Yang et al. 2014).

Results and discussion

The PM2.5 mass emission factor (EF, g/kg) from coal
combustion was measured at different burning tem-
peratures (as summarized in Table 1). It was calcu-
lated by dividing the PM2.5 mass (g) by the amount of
fuel feeding (kg) (¼feeding rate [g/h]� time in the
furnace [h]). The same amount of fuel feeding was
used for all temperatures. Unburned coal particles
present at 550 �C influenced the PM2.5 mass EF. The
EF at 550 �C was not included in Table 1 for compari-
son. Note that the PM2.5 mass EF defined here should
be understood as different from the traditional EF
based on the amount of burned fuel in batch-type
experiments using stoves (Zhi et al. 2008; Zhou et al.
2016). The batch-type experiments enabled accurate
measurement of the amount of burned fuel for deter-
mination of PM2.5 mass EF. At temperatures higher
than 700 �C in this study, most of the coal particles
were burned out, and the PM2.5 mass EF at
700–1,100 �C was similar to the traditional EF (batch
type). The highest PM2.5 mass EF (3.51 ± 1.05 g/kg)
was observed at 700 �C, where the incomplete com-
bustion of tar and char was significant, leading to sig-
nificant EC formation (Andreae and Gelencs�er 2006).
Also, significant mineral fragmentation occurred dur-
ing char burning at 700 �C, resulting in ash formation
(Seames 2003). As the burning temperature increased
from 700 �C to 1,100 �C, the combustion efficiency
increased, leading to lower emission of PM2.5. The
combustion efficiency is defined by [CO2]/
([CO]þ [CO2]) (Shen et al. 2010, 2012; Li et al.
2016b). The CO and CO2 concentrations were not
measured in this study. It was reported that a
10%–15% increase in combustion efficiency was
observed when increasing temperatures from 700 �C
to 1,100 �C in household stove experiments (Li et al.
2016b). The higher combustion efficiency was
expected at the higher temperature. It was reported
that the PM2.5 mass EF in residential coal combustion
(i.e. at a low burning temperature) ranged from 4.6 to
19 g/kg, whereas it ranges from 0.016 to 0.1 g/kg in
industrial coal combustion (i.e. at a high burning tem-
perature) (Chen et al. 2005; Streets et al. 2001; Bond
et al. 2002; Zhi et al. 2008; Zhang et al. 2008). Our
PM2.5 mass EF was slightly lower than that reported
for residential coal combustion and much higher than
that for industrial coal combustion. The PM2.5 mass
EF reported here was comparable to that of biomass
burning (1–4 g/kg) (Janh€all, Andreae, and P€oschl
2010) and much higher than diesel-engine exhaust
(0.02–0.1 g/kg) (Kuhns et al. 2004; Nickel et al. 2013).

AEROSOL SCIENCE AND TECHNOLOGY 1137



As summarized in Table 1 and Figure S1a in the
online supplementary information (SI), a nucleation
mode less than 100 nm was responsible for the num-
ber of fine particles from coal combustion at all burn-
ing temperatures. The nucleation mode diameters
were 17, 36, 58, and 41 nm at burning temperatures of
550, 700, 900, and 1,100 �C, respectively. The smallest
nucleation mode diameter was found at 550 �C, sug-
gesting that those particles were produced by nucle-
ation with subsequent condensation by the abundant
vapors released during the devolatilization process
(Wang et al. 2013). With an increase in temperature
from 550 �C to 900 �C, the nucleation mode diameter
increased from 17 to 58 nm (the number mean diam-
eter increased from 25 to 62 nm). The highest number
concentration of large particles more than 300 nm was
observed at 700 �C, which is consistent with the high-
est PM2.5 mass EF and the appearance of additional
mass mode (2.2 lm) in mass size distribution, as
shown in Figure S1b in the SI. Bimodal mass size dis-
tributions were observed at all burning temperatures,
as shown in Figure S1b in the SI. The number EF (the
total number of particles from 10 nm to 2.5 lm)
ranged from 9.3� 1014 to 3.2� 1015 particles/kg, and
the highest number EF was found at a burning tem-
perature of 900 �C.

Figure 2 shows mass fractions of major chemical
components (ions, elements, OC, and EC) in PM2.5 at
different coal burning temperatures. Also included in
Figure 2 are the colors of the samples collected on fil-
ters. The OC fraction was the highest (45%) at 550 �C.
The devolatilization and incomplete combustion of
volatile matter (tar) were significant at 550 �C, contri-
buting to the formation of carbonaceous particles
from organic vapors via the gas-to-particle conversion
process (Chen et al. 2009; Wang et al. 2013). At
700 �C, the OC fraction decreased significantly, while
the fractions of ions and elements increased, suggest-
ing that the initial volatile matter was mostly oxidized.
At 900 �C and 1,100 �C, both the OC and EC fractions
disappeared (i.e. oxidized). At 900 �C, the ionic species
became the most dominant fraction in PM2.5 and
decreased again at 1,100 �C. It has been reported that

the ionic species in PM2.5 from residential coal com-
bustion (i.e. at a low combustion temperature) are
much lower than those from industrial coal combus-
tion (at a high combustion temperature) (Zhang et al.
2008). The sum of elements (Al, As, Ba, Cd, Co, Cu,
Fe, Mn, Ni, Pb, Sr, Ti, V, and Zn) increased at tem-
peratures higher than 550 �C, possibly due to ash for-
mation. The highest emission of elements (Al, As, Ba,
Cd, Co, Cu, Fe, Mn, Ni, Pb, Sr, Ti, V, and Zn) as well
as the highest fractions of Fe (56%) and Al (38%)
were observed at 700 �C.The residence time and excess
air ratio in the furnace reactor might also affect the
formation of carbonaceous and mineral/ionic particles
(Dacombe et al. 1999; Hammond 2003; Wang et al.
2013; Gao et al. 2016). As shown in Figure 2, the col-
ors of the samples collected on filters were consistent
with the chemical data. Black and a dark color found
at 550 �C originated from the carbonaceous species
(OC and EC) and unburned coal particles (Sidhu,
Graham, and Striebich 2001; Chang et al. 2017).
Although the chemical composition of the nucleation
mode particles was not measured, we speculate that
the nucleation mode particles might have originated
from organic vapors during the devolatilization pro-
cess, which was pronounced at 550 �C (Wang et al.
2013). The color changed from black to tan or yellow
as the temperature increased from 550 �C to 1,100 �C,
which is consistent with the tendency of the EC frac-
tion to decrease with an increase in temperature. Sun
et al. (2017) reported that brown carbon (light absorb-
ing organic carbon) emitted from residential coal
combustion ranged from 0.16 to 8.59 g/kg and that
bituminous coal combustion emitted a higher amount
of brown carbon than anthracite coal. Brown carbon
was also observed in biomass burning particles
(Hegglin et al. 2002; Andreae and Gelencs�er 2006;
Gustafsson et al. 2009). Although it was not measured
in this study, we can surmise it is included in the OC
influencing the brownish color of the filter samples.

Figure 3a shows the mass fractions of individual
ionic species at 900 �C, where the highest fraction of
total ions in PM2.5 was observed. Sulfate was found to
be the most dominant ionic species, followed by

Table 1. Number mean diameters, total number concentrations, PM2.5 mass EF, and number EF at different coal burning
temperatures.

550 �C 700 �C 900 �C 1,100 �C
Mean diameters (nm) 24.6 39.0 62.4 44.4
Number concentration (particles/cm3)a 1.85� 106 ± 6.07� 105 5.89� 106 ± 1.61� 106 6.32� 106 ± 6.91� 105 2.61� 106 ± 1.51� 106

PM2.5 mass EF (g/kg) – 3.51 ± 1.05 3.25 ± 0.69 1.27 ± 0.31
Number EF (particles/kg)b 9.27� 1014 ± 3.04� 1014 2.94� 1015 ± 8.06� 1014 3.16� 1015 ± 3.46� 1014 1.31� 1015 ± 7.55� 1014

aTotal number concentration (10 nm to 2.5lm).
bBased on total number of particles in sizes from 10 nm to 2.5 lm.
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sodium, calcium, and magnesium. The sulfur content
in coal (up to 5%) (Yoo et al. 2006) contributed to
the formation of sulfate. Sulfur vaporization and its
subsequent condensation and reaction could be the
most dominant pathways for sulfate formation
(40–70wt% in submicrometer ash) (Buhre et al.
2005). Figure 3b compares the anions (Cl–, NO3

–, and
SO4

2–) and cations (NH4
þ, Kþ, Naþ, Ca2þ, and

Mg2þ) at different burning temperatures (Saxena et al.
2017). The ionic balance showed the deficit of cations
relative to anions at elevated burning temperatures
(700 �C, 900 �C, and 1,100 �C). These data cannot be
used to determine the acidity of aerosols. However, it
has been reported that coal combustion particles could
be acidic (Hennigan et al. 2015; Saxena et al. 2017).
The oxidation of pyrite sulfur, which is abundant in
bituminous coal, could lead to high acidity in aerosols
produced by coal combustion (Stanger and Wall 2011;
Deng et al. 2015). Acidic aerosols from the coal com-
bustion process have been of interest owing to their
adverse health effects and corrosiveness in coal power
plants (Raask 1985; Weber et al. 2016).

Figure 4 shows the mass fractions of elements (Al,
As, Ba, Cd, Co, Cu, Fe, Mn, Ni, Pb, Sr, Ti, V, and Zn)
at 1,100 �C, where the highest fractions of elements in
PM2.5 were observed, with Fe being the highest, fol-
lowed by Al, Zn, Mn, Sr, and Ba. It was reported that
bituminous coal contains 0.2%–1.1% Fe, 0.7%–0.8% Al,
and 1.2%–1.8% Si (Yoo et al. 2006). Na, K, and Ca
could exist in sulfate forms in coal combustion particles
(Gao et al. 2016). For super-micrometer ash, which is
produced after char burnout, Si, Al, and Fe could exist
as SiO2, Al2O3, and Fe2O3, respectively (Buhre et al.
2005). Unfortunately, Si was not measured in this
study. It was reported that high-temperature combus-
tion favors the formation of (Na, K, Ca)O�SiO2, Al2O3,
and FeO, while relatively low-temperature combustion
leads to the formation of (Na, K, Ca)SO4, SiO2, Al2O3,
and Fe2O3 (Raask 1985).

Major organic groups (PAHs, hopanes, n-alkanes,
and n-alkanoic acids) were also measured at different
burning temperatures as reported in our previous
paper (Chang et al. 2017). The n-alkanes and n-alka-
noic acids were detected at all temperatures. The frac-
tion of n-alkanoic acids in OC was the highest among

Figure 2. Mass fractions of ions, elements, OC, and EC in PM2.5 and the colors of the samples collected on filters at different coal
burning temperatures.
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organic groups. The PAHs and hopanes which are
water-insoluble organic carbons were detected only at
a low burning temperature (550 �C). Perylene, ben-
zo[b]fluornathene, and benzo[a, e]pyrene were the
dominant PAHs in PM2.5, consistent with previous
results (Zhang et al. 2008).

The mass-normalized OP-DTT and OP-ESR activ-
ities of coal combustion particles at different burning
temperatures are shown in Figure 5. The highest OP-
DTT activity (pmol/min/lg) was found for particles
produced at a burning temperature of 550 �C. The
amounts of OC and PAHs in PM2.5 were also the
highest at 550 �C, possibly contributing to the highest
OP-DTT activity. The DTT assay is known to be
highly sensitive to redox active compounds such as

quinones and transition metal ions in particles
(Charrier and Anastasio 2012; Yang et al. 2014). The
correlation data suggest that the PAHs and some met-
als can be used as an indicator. PAHs are not redox
active compounds, but they can be transformed to
quinones, which significantly affect the OP-DTT (Li,
Wyatt, and Kamens 2009; Charrier and Anastasio
2012). The OP-DTT activity of coal combustion par-
ticles at 550 �C was comparable to that of particles
obtained by burning rice straw and pine stem (bio-
masses) and lower than that of diesel-engine exhaust
particles, as described in our other paper (Park et al.
2018). The mass-normalized OP-ESR activity was also
found to be the highest at 550 �C, at which the highest
emissions of Co, V, and Zn were obtained. The OP-
ESR is known to correlate with EC and with various
elements such as Al, Br, Cu, Fe, K, Mn, and Zn (Yang
et al. 2014). By considering the emitted PM2.5 mass
concentration, the volume-normalized OP activity can
also be obtained. The volume-normalized OP activities
were also the highest at 550 �C, as shown in Table S1
in the SI, even though the PM2.5 mass concentration
was the lowest at that temperature. The analysis of
variance (ANOVA) test was conducted to see if there
was a significant difference in OP activity at the dif-
ferent temperatures, with the result that significant
differences in both OP activities (p< 0.05) were found
between 550 �C and 1,100 �C. Our data suggest that
coal combustion particles produced at low tempera-
tures (e.g. residential coal combustion) should have
high potential for ROS generation, which could hold
adverse health implications.

A principal component analysis (PCA) method
with 26 variables was applied to elucidate the relation-
ship between the mass-normalized OP activities and

(a)

(b)

Figure 3. (a) Mass fractions of ionic species at a burning tem-
perature of 900 �C and (b) the relationship between the sum
of anions (Cl-, NO3

-, and SO4
2-) and the sum of cations (NH4

þ,
Kþ, Naþ, Ca2þ, and Mg2þ).

Figure 4. Mass fractions (%) of elements at the burning tem-
perature of 1,100 �C.
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the mass fractions of the chemical components in
PM2.5. As shown in Figure 6, the OP-DTT and OP-
ESR activities were clearly separated by components 1
and 2. The OP-DTT activity showed negative load-
ings, while the OP-ESR activity showed positive load-
ings for both components 1 and 2. The OP-DTT
activity was grouped with carbonaceous compounds
(OC and EC) and several elements (Cd, Co, V, and
Zn). Lippmann et al. (2006) reported that mortality
risk was significantly affected by Ni, V, EC, Zn, SO4

2–,
Cu, Pb, and OC, and Cd and Co were classified as
hazardous air pollutants by the Clean Air Act
Amendments (US EPA). The chemical components

grouped together with the OP-DTT activity were con-
sidered toxic compounds (Lippmann et al. 2006; Li
et al. 2016c). The OP-ESR activity was grouped with
chloride, nitrate, and elements such as Ba, Pb, Sr, and
Ti. Sulfate was grouped with most of the cations
(Ca2þ, Kþ, Mg2þ, and Naþ), suggesting that the for-
mation of (Ca, K, Mg, and Na) SO4 occurred during
ash formation (Seames 2003; Gao et al. 2016). The
PCA result can provide correlation and similarity of
variables or samples, but it does not prove causation
of variables (Parsons, Cooper, and Albertson 2009;
Bloomer and Rehm 2014; Lenz et al. 2016). In add-
ition, the correlation analysis could not elucidate any
compounding effects among chemical components.

Conclusions

Fine coal combustion particles were produced from a
laboratory-scale pulverized-coal burning system, and
their physical properties (mass concentration and
number size distributions), chemical components
(OC, EC, organic compounds [PAHs, hopanes, n-alka-
nes, and n-alkanoic acids]), ionic species (chloride,
nitrate, sulfate, ammonium, calcium, magnesium,
potassium, and sodium), elements (Al, As, Ba, Cd, Co,
Cu, Fe, Mn, Ni, Pb, Sr, Ti, V, and Zn), and OP activ-
ities (DTT and ESR assays) for water soluble compo-
nents of PM2.5 at different burning temperatures
(550 �C, 700 �C, 900 �C, and 1,100 �C) were investi-
gated. Nucleation mode particles less than 100 nm
were responsible for the number concentration of fine
particles from coal combustion, while a bimodal mass
size distribution was observed at all tested burning
temperatures. The devolatilization and incomplete

Figure 5. OP-DTT and OP-ESR activities (i.e., mass-normalized intrinsic OP activities) of coal combustion particles at different burn-
ing temperatures.

Figure 6. PCA results for the mass-normalized OP activities
and the mass fractions of the chemical components in PM2.5;
components 1 and 2 explain 60.2% and 27.9% of the variance,
respectively.
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combustion of volatile matter (tar) were strong at
550 �C, where a significant OC emission was found. A
significant number of nanoparticles were also found at
550 �C, suggesting that the formation of particles from
semi-volatile organic vapors via a gas-to-particle con-
version process was strong at the low burning tem-
perature. The fractions of ions and elements increased
when the burning temperature was higher than 550 �C
owing to ash formation. Sulfate and Fe were the high-
est among measured ions and elements, respectively.
The intrinsic OP-DTT and OP-ESR activities (mass-
normalized) at 550 �C were found to be higher than
those at other burning temperatures, possibly due to
higher levels of redox active compounds in the fine
particles from coal combustion. The data suggest that
fine particles from coal combustion produced at low
burning temperatures have more potential for adverse
health effects on humans than those produced at high
burning temperatures.
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