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ABSTRACT: Inefficient coal combustion is a significant source of elemental
carbon (EC) air pollution in China, but there is a limited understanding of EC’s
formation processes. In this study, high time-resolved particle number size
distributions (PNSDs) and size-resolved chemical compositions were obtained
from the combustion of four bituminous coals burned in a quartz tube furnace at
500 and 800 °C. Based on the distinct characteristics of PNSD, the flaming stage
was divided into the first-flaming stage (with a PNSD peak at 0.3−0.4 μm) and
the second-flaming stage (with a PNSD peak at 0.1−0.15 μm). For the size-
segregated EC and OC measurements, more soot-EC was observed in particles
larger than 0.3 μm, whereas the smaller ones possessed more char-EC. The
results indicated that gas-phase and direct-conversion EC generation mechanisms
dominate different burning stages. The analysis of 16 parent PAHs showed more
high-molecular-weight PAHs in the second-flaming stage particles, which supports the idea of different formation processes for
char-EC and soot-EC. For all four coals, the PNSD and chemical compositions shared a similar trend, confirming that the
different formation processes of EC in different flaming stages were common. This study provides novel information concerning
EC formation.

■ INTRODUCTION

Elemental carbon (EC), which may be considered a surrogate
for black carbon (BC), is an environmental pollutant that
greatly impacts regional climate and human health and is
generated from the incomplete combustion of fuel. China is the
largest contributor of EC in the world,1 and 28% of EC
emissions in China can be ascribed to residential coal
combustion (RCC), which is considered to be a typically
inefficient combustion.2 According to previously conducted
emission estimates, the burning condition and coal type can be
significant factors for EC emission. For example, a variation of
several orders of magnitude for EC emission factors (EFs)

produced by RCC was observed in different stoves.3,4 In these
studies, the volatile content was shown to be a crucial factor for
EC emission, but there was a nonlinear function between
volatile content and EC emission.5−7 A reasonable explanation
is that the volatile component usually consists of complex
compositions, such as light gases (CO and CO2), light
hydrocarbons, and tars,8 and each component would go
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through different transformation processes during different
RCC phases, resulting in the complex EC production processes.
The coal combustion process is usually divided into four

burning stages: (1) ignition stage; (2) flaming stage; (3) solid
burn stage; and (4) burnout stage.3,7,9−11 A large amount of
organic matter is released during the first stage through
volatilization, and then most of the volatile contents
subsequently burn out at the end of the second stage, leaving
the fixed carbon to burn in the next two stages. The volatile
contents (mostly coal tar), are considered to be the primary
precursors of EC;12 hence, the flaming stage produces the most
EC emitted from RCC. However, it is likely that the flaming
stage includes many different EC formation processes because
of the complex composition of coal tar.
Two formation pathways are accepted for the transformation

of tars to solid carbon: one is the gas-phase H-abstract reactions
between light organic molecules,13−16 and the other is the
direct conversion of tar.17 Although carbonaceous particles
generated through these two kinds of pathways are both
defined as EC, it is worth noting the existing morphological and
constituent differences between them. Scientists often separate
EC into two categories: char-EC and soot-EC. Char-EC is
generated from the partial oxidation of fuel and has a
morphology similar to the source. Soot-EC is formed via the
gas-phase condensation of hydrocarbons,18 and tends to form
chainlike aggregates assembled by small soot particles. When
analyzed by the thermal/optical reflectance (TOR) method,18 it
was observed that char-EC contained a higher EC1 fraction
(the first fraction of EC in TOR measurement that was oxidized
first when the temperature was 550 °C), while soot-EC
possessed significantly higher EC2 and EC3 (the last two
fractions of EC that were oxidized successively when the
temperature reached 650 and 850 °C in TOR measurement).
There are notably few studies focused on EC formation

during the coal combustion flaming stage. The typical
description of coal combustion usually takes the flaming stage
as a whole phase. Actually, different components of coal tar go
through different reactions during the coal combustion flaming
stage, which results in different flaming stages with distinct
characteristics. In addition, the EC generated from different
coal tar components may have different size distributions or
compositions. It is meaningful to investigate EC emissions in
the flaming stage during coal combustion.
Because of the complicated burning condition of RCC, the

EC formation process is affected by many factors including
combustion temperature, oxygen supply and fuel property. It is
necessary to simplify the burning condition to highlight the EC
emission process during coal combustion. Compared to the
actual RCC, which usually includes many burning stages at the
same time, coal combustion in a quartz tube furnace can reveal
the actual EC emission process in each burning stage.
Moreover, many previous studies demonstrated that the quartz
tube furnace was serviceable in coal combustion research.19,20

Therefore, four bituminous coals with different volatile
contents were tested in a quartz tube furnace to perform the
RCC experiment. Two combustion temperatures (500 and 800
°C) were set to simulate the actual ignition process and stable
combustion phase of RCC. Together with a dilution sampling
system (FPS-4000, Dekati Inc., Finland), an electrical low-
pressure impactor (ELPI+, Dekati Inc., Finland) was used to
obtain highly time-resolved particle number size distribution
(PNSD) and highly size-segregated particle samples. Next, the
particle samples were analyzed for EC/OC and PAHs offline.

The EC/OC and PAH contents of different size particles, as
well as PNSD, were examined to investigate the differences in
EC morphology and composition. This work extends our
previous research on RCC emission pollutants and provides a
further understanding of EC formation during different burning
stages.

■ EXPERIMENTAL SECTION
Coal Combustion and Dilution Sampling Measure-

ment System. For the coal combustion tests, a coal
combustion and dilution sampling measurement system were
built in our laboratory, which contained a quartz tube furnace, a
dilution sampling system, and a flue gas monitor system. The
sketch of the whole system is shown in Figure S1 in Supporting
Information (SI), and details are given in SI Text S1.

Coal Samples and Experiment Setup. Four coal types
with different geological maturities were tested in this study,
with Vdaf (the volatile matter content on a dry and ash-free
basis) ranging from 30% to 40% (SI Table S1). These four coal
types have been demonstrated to be the largest contributors to
ambient air pollutants (PM OC EC and PAHs).6 Combustion
experiments of three types of coal were repeated three times
(one coal combustion experiments under 800 °C and
combustion experiments of two types of coal include YM and
SH coal under 500 °C). The reproducibility is presented in SI
Table S2 together with the PM, OC, and EC EFs (emission
factors). The values of Coefficient of Variation (CV) of EFPM,
EFOC, and EFEC for the repeated experiments range from 0.8%
for YM coal in 500 °C combustion to 4.7% for SH coal in 500
°C combustion, but the variation between different volatile
content coals were comparable with previous work, which
indicated that the combustion technology was reliable. For each
coal combustion experiment, a 5 g coal sample was burned at
both 500 and 800 °C. During the coal combustion process,
gaseous pollutants were detected by a flue gas analyzer
(Photon-II, Madur, Italy). The particle number and size
distribution were monitored by an electrical low-pressure
impactor plus (ELPI+, Dekati Inc., Finland) in the size range
from 0.006 to 9.88 μm. The particle number concentration and
size distribution of mean values of repeat trials are shown in SI
Figure S2 and S3, and detailed information can be found in SI
Text S2. The particle samples for EC/OC and PAHs analysis
were collected by ELPI+ at the same time with size ranging
from 0.016 to 9.88 μm during the entire combustion cycle. The
detailed experimental setup information can be found in SI
Text S3.

Particle Mass Measurement and Organic and Ele-
mental Carbon Determination. The EC, OC and TC
concentrations of QFF (quartz fiber filter) samples were
obtained by an improved thermal/optical reflectance (Im-
proved TOR) protocol (Atmoslytic Inc. model 2001A).21 Eight
EC and OC fractions (EC1, EC2, EC3 OC1, OC2, OC3, OC4,
and POC) were obtained during the analysis (SI Text S4). The
EFEC, EFOC and EFPM for each coal/temperature combination
were calculated according to the EC, OC, and PM masses of
the QFF samples combined with the sampled fractional ratio
and coal weight in this test.

Thermal Desorption PAHs Analysis and Quality
Control. An optical-4 thermal desorption (TD) sample
injection port coupled with an Agilent GC7890B/MS5977A
(Agilent Technologies; Santa Clara, CA) system was used in
this study. The thermal desorption method was similar to a
previous work reported by Ding et al.22 and detailed
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information can be found in SI Text S5. The desorption
efficiency was greater than 90%. The detection limit for the
TD-GC/MS method ranged from 0.2 pg/mm2 (Ace) to 0.6 pg/
mm2 (Incdp).
Morphology Analysis. The photographs of sample

morphologies were acquired by means of a field emission
scanning electron microscope (FESEM S-4800, Hittachi,
Japan) and transmission electron microscopy (TEM, Jeol
JEM 2100, Japan, operating at 200 kV). The FESEM analysis
was carried out by observing the size segregated and time-
resolved particle samples on the quartz fiber filters, and the
TEM analysis was performed by observing the particles
collected on TEM grids using the single particle sampler
(DKL-2, Genstar, China).

■ RESULTS AND DISCUSSION

Emission Characteristics of PM, OC and EC during
RCC. The EFs of PM, OC and EC of coal combustion,
including the comparative experiments for high ignition
temperature combustion and low ignition temperature
combustion (denoted as HIC and LIC, respectively), are
shown in SI Table S2 (the EC and OC emission calculation can
be found in SI Text S6).
Variations of EFPM, EFOC, and EFEC values of more than 1

order of magnitude were observed between the two
combustion processes. It was found that the EFPM values of
HIC and LIC in this study are approximate to the lower and
upper values reported by previous work (SI Figures S4). For
OC EFs, the range between HIC and LIC could cover almost

all of the recently reported EFs for coals with the same
geological maturity (SI Figure S5).3,23−29 This indicates that
the real-world RCC (combustion temperature ranges from 400
to 900 °C) PM and OC emissions were mostly a mixture of the
emissions from these two combustion phases. Several studies
that reported extremely high OC EFs that were ascribed to
specific poor conditions of combustion are not comparable with
the results of this study.30 The average EFs of PM and OC
(5.49 g/kg and 3.64 g/kg) are similar to the mean values of
previously reported EFs of RCC,3,5,23,24,29−35 indicating that
our results are comparable. Therefore, the scale of HIC and
LIC phases in real-world coal combustion greatly affects the
composition of emitted particles because of the different
burning conditions, burning temperatures, and coal types.
The EC emissions are more complex than PM and OC in

this study (SI Figure S6). The ratios of EFEC to EFOC (referred
to as EC/OC) are presented in SI Table S2. This table shows
that HIC (EC/OC = 10.7 ± 4.62) emitted a higher fraction of
EC than LIC (EC/OC = 0.016 ± 0.003), which was ascribed to
the high burning temperature leading to a high EC generation
rate. However, the ratios of EFTC/EFPM for HIC and LIC are
0.408 and 0.738, respectively, and reveal that the fraction of
total carbonaceous components emitted from HIC declined
dramatically. As expected, the higher burning temperature
promotes the generation of EC, but the decomposition of OC
and EC were promoted simultaneously. Compared to previous
studies, the results given in this study lack the range to cover
the variations of all the reported EC EFs and are more similar
to the median values. This means that the formation process of

Figure 1. Variations in particle number size distribution and gaseous pollutants during burning Xuzhou bituminous coal in high ignition temperature
combustion: (a) particle number size distribution; (b) variations in particle number concentration for typical sizes; (c) carbon dioxide, carbon
monoxide, and sulfur dioxide concentrations; (d) particle size distribution in each burning stage.
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EC was affected by not only temperature, but also some other
crucial factors, such as the coal composition. Despite significant
differences of EFs in different combustion conditions, the bell-
shaped trends for EC emission similar to previous work36 are
observed under both HIC and LIC conditions. Previous
studies4,6 observed that the coal volatile content was an
important factor for EC emission from RCC; the moderately
and highly volatile bituminous coals were shown to emit the
most EC.6 Dong et al.37 found that the moderately and highly
volatile bituminous coals emitted more high-molecular-weight
PAHs. Therefore, the nonlinear function between EC emission
and volatile contents of coal suggested that EC generation was
not related to the volatile total contents but was determined by
the volatile composition.
Segmentation of Flaming Stage Based on High

Temporal- Particle Number Size Distributions. Generally,
the solid fuel combustion processes are separated into four
stages by flue gas analysis or pollutant composition evaluation,
including (1) ignition stage, (2) flaming stage, (3) solid burning
stage, and (4) burnout stage. Nielsen et al.11 divided the wood
combustion process into three phases depending on the
concentration of oxygen and carbon monoxide. Zhou et al.38

classified different coal combustion stages according to the
pollutant emissions variation, which has obvious differences in
the furnace temperature. These segmentations of the
combustion stage satisfy the real-world RCC process but are
insufficient to reveal the differences in the EC formation
processes during the flaming stage. Coal combustion is a
complex process that includes (1) evaporation of light organic
matters, (2) gasification of coal, (3) burning of gasification
products, and (4) burning of fixed carbon. Moreover, these
gasification products (including tar) can be divided into five
fractions and produced in the different devolatilization periods
of coal burning because of the different volatilities.39 Therefore,
the process of the burning of gasification products exhibits
distinct characteristics when different fractions of tar (the light
organic fraction and the heavy tar fraction) are burned. Hence,
the flaming stage defined previously should include both the
burning of light organic matter and heavy tar matter. It may be
difficult to distinguish these two burning phases using
traditional methods. In contrast, the highly time-resolved
PNSD is useful to differentiate the different flaming stages
because the particles generated from different tar fractions form
different size distributions.
The evolution of PNSD from XZ coal combustion at HIC is

presented in Figure 1a. The tendencies of the other three coal
types are similar to that of XZ coal, and the data are not
presented in this article. The gaseous data, including
concentrations of CO2, CO and SO2, are shown in Figure 1c.
In these figures, time “0” indicates the fuel addition time. The
coal combustion process can be divided into four stages
depending on the different particle size distribution character-
istics: Stage 1, the ignition stage; Stage 2, the first flaming stage;
Stage 3, the second flaming stage; and Stage 4, the burnout
stage. As shown in Figure 1d, the ignition stage produces a very
high average number concentration of particles with a wide size
range from 0.006 to 1 μm. Small particles with the diameter in
the range of 0.03−0.15 μm were the most abundant particles
during this stage. Then, large particles with the diameter in the
range of 0.25−1 μm were dominant in the second burning
stage. Particles emitted in the third stage have a similar size
distribution to that of the first stage but with a relatively low
number concentration. At the fourth stage, particles were barely

generated. The first stage and the fourth stage are not so
important to EC generation; hence, the first and the last
burning stages are not discussed in this study. In the following
discussion, the first flaming stage and the second flaming stage
are discussed in detail.
The first flaming stage (stage 2) was when the vast majority

of lightweight organic components were burned, and it lasted
for approximately 2−3 min after the ignition stage (lasting
approximately 0.5 min). During this stage, many aggregated
particles (range from 0.094−0.66 μm in diameter with peak
values occurring at 0.26−0.38 μm) were emitted. Simulta-
neously, a significant increase in particle diameter was observed,
which distinguishes stage 2 from stage 1 (with peak values
occurring at 0.05−0.09 μm). Moreover, as shown in Figure 1b,
a sharp decrease in the concentration of particles smaller than
0.03 μm occurred immediately after the flames appear. This
finding suggests that a different formation process occurred due
to the presence of flames. Figure 1d shows that aggregate
particles with a diameter in the range of 0.25−1 μm were the
most abundant during this stage, while the average produced
emission of small particles (∼105) was lower than that of stage
1 (∼106). Another characteristic of this stage was that CO2 and
CO were barely detected (Figure 1c) because of the low
generation rate; this indicates that the combustion temperature
was relatively low, and most light volatile components were
burned in this stage. Generally, unburned light volatile contents
transform into small soot particles (0.03−0.1 μm in diameter),
which is in contrast to the observations of this stage. An
explanation for this result is that small particles readily formed
large size aggregates by polymerization and aggregation.40 A
large amount of light volatile contents that escaped from coal
contributed to particle growth, resulting in the large particle
size in this stage. The SO2 concentration started to increase at
the end of this stage, indicating that the combustion
temperature started to increase and the burn process was
developing into another stage. Therefore, a rapid decrease of
particle size was observed at the end of this stage.
The second flaming stage (stage 3) was when the vast

majority of heavy weight organic components were burned, and
it lasted for approximately 3 min after stage 2. During this stage,
a clear decrease in particle size distinguished this stage from
stage 2, even though it was also a flaming stage. Clearly, as
shown in Figure 1a, two PNSD modes with peak values occur
at ∼0.006−0.03 and 0.094−0.15 μm during this stage. The
average particle number concentration of particles smaller than
0.15 μm in this stage are usually higher than that of stage 2
(shown in Figure 1d), which means that the deep
devolatilization of coal contributed a large amount of the
smaller particles (0.094−0.15 μm), even in the absence of light
volatiles. However, the absence of light volatiles resulted in a
lower average number concentration of large particles (larger
than 0.15 μm in diameter) compared with stage 2. In addition,
the CO and CO2 concentrations began to rise at the beginning
of this stage, because of the increasing combustion rate. This
result suggests that the gasification and combustion of the
carbon skeleton became the dominant process during this stage.
It must be noted that the flaming phase combustion and solid
phase combustion occurred at the same time in this stage,
because of the high heating rate, which resulted in these two
PNSD modes. Another important indicator was SO2 generated
by the high-temperature oxidation of pyrite. The SO2
concentration exhibited a peak in the middle of this stage,
indicating that the combustion temperature increased to its

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b05786
Environ. Sci. Technol. 2018, 52, 6676−6685

6679

http://dx.doi.org/10.1021/acs.est.7b05786


peak in this stage, and large amounts of inorganic compounds
(such as sulfate) were produced to form the smallest particles
less than 0.03 μm in size.41,42 Along with the rate of
combustion decreasing, the concentrations of all the gaseous
pollutants and particles exhibited a decreasing trend at the end
of this stage.
Compared with the HIC case, the PNSD of XZ coal in LIC

(SI Figure S7) can also be divided into four stages, similar to
HIC but with significant overlap. The same variation trends
were observed, confirming that the four stages’ separation was
suitable for characterizing the combustion process of all of
these four bituminous coals. However, the emissions of
particles produced in LIC for each stage were approximately
three times higher than those in HIC (SI Figure S7c),
indicating that both the generation and decomposition of
particles occurred at the same time during the coal combustion
process, and the higher combustion temperature would
specifically promote decomposition.
In this study, we separate coal combustion stages depending

on PNSD, which is different from previous research focusing on
the pollutant concentrations variation. The result shows that
the burning of different coal volatile components generates
particles of different sizes. As a consequence, particles produced
in each burning stage should also have different compositions.
Potential EC Formation Processes Based on Size

Distribution of Carbon Fractions and PAHs. According to
the decomposition temperatures of the OC and EC measure-
ments, the OC and EC fractions were separated into eight
groups, including OC1, OC2, OC3, OC4, EC1, EC2, EC3, and
POC. The OC fractions were organic carbon detected when
the TOR protocol stepwise heated the sample to 120, 250, 450,
and 550 °C in the pure He atmosphere. The EC fractions were

elemental carbon detected when the TOR protocol stepwise
heated the sample to 550, 700, and 850 °C in the 2% O2/98%
He atmosphere. Among these fractions, OC1+OC2 was
classified as volatile organic compounds and OC3+OC4 was
categorized as refractory organic compounds. EC was typically
divided into char and soot. EC1 was classified as char-EC and
EC2+EC3 was classified as soot-EC.

Size-Resolved OC and EC Distribution. The quantities of
seven carbon fractions are presented in Figure 2. As we can see
from Figure 2a and b, the carbonaceous contents are highly
dependent on particle size. Most EC was emitted as particles
ranging from 0.090 to 10 μm in diameter for both HIC and
LIC. Additionally, more than 90% of carbonaceous matter in
smaller HIC particles (<0.030 μm) was OC, whereas the
proportion of OC in larger partilces was only 9% (shown in
Figure 2e). Huge differences in EC to OC ratios between
different size particles suggest a clear distinction between the
formation processes. In contrast, the ratios of EC to OC
(shown in Figure 2f) in small (with diameter in range of
0.010−0.030 μm) and large particles (with diameter in range of
0.030−10 μm) in LIC are 0.1 and 0.15, respectively, which have
very minor variation, indicating that the evolution of EC
emission was bedimmed because of the large amount of OC
emission. The HIC processes are discussed in detail to describe
the EC formation during coal combustion, while the LIC
processes are compared with HIC processes.
As discussed above, the HIC coal combustion was divided

into four stages depending on the particle size distribution.
Among them, the flaming stages (first flaming stage and second
flaming stage) emitted most of the carbonaceous matter,
especially EC. Distinct characteristics were observed between
particles emitted from these two burning stages. Particles

Figure 2. Profiles of carbon fractions produced from Xuzhou coal combustion under different combustion conditions: (a) size-resolved emission
factors of EC fractions under high-temperature burning, (b) sizeresolved emission factors of EC fractions under low-temperature burning, (c) size-
resolved emission factors of OC fractions under high-temperature burning, (d) size-resolved emission factors of OC fractions under low-temperature
burning, (e) size-resolved ratios of soot-EC to char-EC and ratios of EC to OC and sizeresolved ratios of high-molecular-weight PAHs to low-
molecular-weight PAHs together with the emission factors of high- and low-molecular-weight PAHs from the HIC, and (f) size-resolved ratios of
soot-EC to char-EC and ratios of EC to OC and size-resolved ratios of high-molecular-weight PAHs to low-molecularweight PAHs together with the
emission factors of high and low-molecular-weight PAHs from the LIC. The left scales for the right panel are the same as for the left panel.
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generated in stage 2 were usually larger than 0.3 μm, whereas
smaller diameter particles (less than 0.3 μm in diameter) were
observed in stage 3. Furthermore, the composition of these
particles was also different. As seen from Figure 2a, larger
particles (with diameter larger than 0.30 μm) contained a large
amount of soot-EC, whereas the composition of smaller
particles (with diameter in range of 0.01−0.30 μm) were
dominated by char-EC.
Two mechanisms are normally described for EC formation,

the gas-phase condensation and direct conversion. Chen et
al.,17 found that at least one-third of EC produced in coal
combustion was generated by gas-phase condensation. Previous
studies of the soot formation mechanism reported that soot was
produced in regions close to the main flame zone where H
atoms are abundant.14,40 The H atoms generated through the
H-abstraction reactions were a critical factor for the soot
production reaction between aromatic and aryl radicals.
Furthermore, in the study of the evolution of primary particles
in a premixed laminar flame, Feenklach et al.43 found that there
exists a transition point for the transformation of nucleation to
surface growth. In the nucleation zone, ultrafine particles
coagulate with each other to form the nascent particles. After
that step, surface growth dominates the diameter growth. This
finding appeared to explain well the core−shell structure of
soot-EC. However, gas-phase condensation cannot explain the
formation of large particles, which can be ascribed to the
aggregation between small soot particles. For the first flaming
stage, the gas-phase condensation mechanism was apparent. It
is clearly shown in Figure 2a that more than half of the
carbonaceous matter in the particles larger than 0.30 μm
(mostly generated from the first flaming stage) was soot-EC,
and the ratio of soot-EC to char-EC increased with particle size
(in range of 0.2−2.5 μm) until the diameter reached 4 μm
(shown in Figure 2e). This finding indicates that soot-EC
formation was the major EC formation process during this
burning stage. Another distinguishing feature of this burning
stage was the relatively stable ratio of EC/OC (approximately
14), which meant that the organic compounds were almost
completely converted or decomposed.
Another EC formation mechanism considers that coal tar can

be turned into EC by a direct conversion. Studies conducted by
A. L. Brown et al.44 reported that tar (products of coal
devolatilization) was the only precursor of EC that could be
turned into EC directly by polymerization or could be turned
into light gas-phase organics by decomposition.17 In this study,
these two types of tar pyrolysis products were both important
to EC generation. The first type could form tar-ball-like EC
directly, and the second type could take part in the gas-phase
reaction. The tar ball was first found in ambient air and
consisted of spherical particles from biomass burning with a
diameter range of 0.03−0.5 μm.45 However, the particles were
somewhat aged, resulting in the increase in diameter. Fresh
generated tar balls in burning biomass smoke were observed by
Reid et al.46 within the 0.05−0.3 μm size range, which is in
concordance with our observation of second flaming stage
particles. We can infer that, after being generated from coal
devolatilization, repolymerization could turn these tar ball into
graphitized particles. Based on this hypothesis, the direct
transformation of coal tar could produce single spherical EC
particles (0.05−0.3 μm in diameter). Different from gas-phase
condensation, the EC converted from tar balls was more likely
to be char-EC without the gas-phase condensation-formed
core−shell structure that exists in soot-EC.

During the second flaming stage (stage 3), the soot-EC
generation was depressed, because most of the light organic
matter was consumed in the first flaming stage (stage 2). In
contrast, char-EC generated in the second flaming stage (stage
3) showed a peak value at 0.2−0.3 μm in diameter. As Figure
2e shows, for particles smaller than 0.30 μm, the ratio of soot-
EC to char-EC decreased with increasing particle size until the
particle size reached 0.2 μm and then started to increase,the
ratio was 0.04 for particles with diameter of 0.015 μm,
indicating that almost all the carbonaceous matter produced in
this stage was char-EC. As expected, that when the particle size
approached that of the first flaming stage particles, the particles
containing soot-EC increased again. Moreover, the ratio of EC/
OC increased with the particle size (the ratios in range of 0.2−
20) to its peak, when the particle size reached 0.3 μm. This
result is in agreement with our hypothesis, because particles
generated in the second flaming stage contained more OC than
EC, which can be ascribed to the incomplete polycondensation
of coal tar.
Notably, the soot-EC and char-EC generation processes were

not strictly isolated, as a little peak of char-EC emission was
observed in the first flaming stage (as shown in Figure 2a). The
results suggest that it is not possible to draw clear boundaries
between different coal combustion phases; however, the
observations in this study present the existence of different
EC generation processes during the HIC experiment, which are
usually not investigated in RCC.
Compared with the HIC case, clearly different size-resolved

distributions were observed for EC and OC in the LIC process
(unimodal distributions with peak values occurring at 0.5−0.6
μm) (shown in Figures 2b and d), which means that LIC
particles grow through a similar coagulation between EC and
OC. This result suggests that all the EC formation and OC
emission processes occurred at the same time during LIC. The
ratio of soot-EC to char-EC presented in Figure 2f showed that
the soot-EC content increased slowly with particle size,
indicating that the soot-EC formation process was not the
major driving force for the particle size growth during the LIC
process. The ratio of EC to OC in LIC showed a relatively
stable trend (approximately 0.1), more than 90% of the mass
fraction of total carbon was contributed from OC, confirming
that the LIC emission was dominated by OC.

Size-Resolved PAH Distribution. In previous studies, the
PAHs were considered to be the most important precursor of
EC.47 Studies that focused on the soot emitted from the
premixed flame13−16 reported that inception of the nuclei
formation could be considered as a pure chemical reaction
between light organic matter or a physical condensation
between heavy organic matter. Recent studies revealed that
these two growth mechanisms played an equally important role
in the EC formation process; hence, we can infer that the
composition of PAH can be used as an indicator to the EC
production mechanisms during coal combustion.
The ratios for high molecular weight (HMW) PAHs to low

molecular weight (LMW) PAHs (HWM = 4−6 ring PAHs,
LWM = 2−3 ring PAHs) of the XZ coal are presented in Figure
2e and f, it is apparent that LIC emitted substantially more
PAHs than HICapproximately 2 orders of magnitude more.
It is generally known that coals contain some free PAHs
bonded to the carbon skeleton by weak bonds.48 Free PAHs in
coal begin to rupture at low temperatures resulting in the rapid
emission observed in LIC. However, the decomposition and
cyclization reaction increased with the temperature causing a
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decrease in free PAH emission,48 especially for HWM PAHs,
which are easier to turn into EC.
Furthermore, the EFs of PAHs were observed to be size-

dependent in this study. From Figure 2e we can see that the
ratio of HMW to LMW in HIC decreased with particle size up
to approximately 0.3 um and then increased. Whereas, the ratio
in LIC increased first and then decreased when the particle size
reached 0.09 μm (Figure 2f). The differences between HIC and
LIC can be ascribed to the different burning temperatures. The
LIC process yielded more OC generated during the
evaporation and gasification of the coals. During the low-
temperature combustion, most fine particles contained
significantly more LMW PAHs that formed from the
condensation of organic materials. For the particles ranging

from 0.09 to 0.16 μm in diameter (most particles generated in
the second flaming stage), the ratio of HWM to LWM was
relatively high (approximately 10) because of the deep coal
devolatilization. Compared with the second flaming stage, the
first flaming stage produced less HMW (the ratio of HWM to
LWM for the first stage was approximately 5).
The measured variations of HWM/LWM ratios from three

coal combustions were very similar (YZ coal was not included
due to a detection failure). For all these coals, the finer the
particles are, the higher the content of high-molecular-weight
PAHs is. As seen in Figure 3a, the particles with diameter in the
range of 0.3−1 μm contained more LMW PAHs than in the
smaller particles (0.03−0.3 μm). Therefore, we can infer that
low-molecular-weight organic matter was the largest contrib-

Figure 3. (a) The size distribution of ratios of high-molecular-weight PAHs to low-molecular-weight PAHs in different size sections in particles of
HIC of three coals, (b) The size distribution of ratios of high-molecularweight PAHs to low-molecular-weight PAHs in different size sections in
particles of LIC of three coals.

Figure 4. (a)−(d) FESEM images of time-resolved particles from HIC of XZ coal, (a′)−(d′) Low magnification FESEM images of time-resolved
particles from HIC of XZ coal, (e)−(g) FESEM images of size-resolved (three particle samples collected by ELPI+ with typical size for 0.10 μm, 0.30
μm, and 1.0 μm were observed) particles from HIC of XZ coal, (e′)−(g′) Low magnification FESEM images of size-resolved (three particle samples
collected by ELPI+ with typical size for 0.10 μm, 0.30 μm, and 1.0 μm were observed) particles from HIC of XZ coal, (h) and (h′) TEM images of
char-EC, (i) and i′) TEM images of soot-EC.
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utor to soot-EC, generated via gas-phase condensation, whereas
the HMW PAHs were more inclined to turn into char-EC,
which is in agreement with our previous hypothesis about EC
formation.
Morphological Properties of Time- and Size-Resolved

EC Particles. Field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM)
analyses have been carried out to fully characterize the
morphological properties of the collected particles. Generally,
Char is defined as a kind of carbonaceous matter with randomly
organized aromatic rings formed directly from fuel gasification.
Soot is a kind of graphited carbon, which is a crystalline phase,
and formed via gas-to-particle conversion of molecular
precursors.18,49 The most evident distinction between char
and soot in structure is that soot usually has a chain-like form
while char usually has a spherical morphology.
Figure 4 shows several FESEM and TEM images of the time-

and size-resolved particle samples. Figures 4a−d show the
variation of particular morphologies in the first 7 min of HIC. It
is clearly shown that in the first 3 min (Figure 4a), most of the
emitted carbonaceous particles have a chain-like morphology
which can be considered as soot-EC;18 however, the observed
spherical particles (usually considered as char-EC) increased
with the combustion time. In addition, the morphologies of
size-resolved particles presented in Figure 4e−g show that the
small particles with diameter approximate to 0.1 μm were single
spherical char-EC, while, the larger particles were soot-EC
assembled by small soot particles. Detailed structure
information was obtained by the TEM observation and
shown in Figure 4h, i and Figure 4h′,i′. In the TEM images
we can see that the char-EC is a spherical particle surround by a
shell, and it can be inferred that the char-EC was generated
from the incomplete oxidation of tar. However, the soot-EC has
a distinct different shape composed of many small particles with
diameters in the range of 0.03− 0.05 μm; this finding indicates
the significantly different formation processes. These results
confirmed our hypothesis that the EC generation process
during RCC is dominated by different formation mechanisms.

■ IMPLICATIONS
EC emitted from coal combustion is usually formed by many
complex mechanisms. The homogeneous and heterogeneous
combustion of vaporized and nonvolatile organic matter are
considered as two crucial formation processes. Our study
focused on the formation and composition characteristics of
carbonaceous particles produced in different coal combustion
stages and at different burning temperatures. The results are
useful in helping to understand the EC generation process that
has implications on the environmental and health impact of
RCC emitted particles.
In this study, we divided the coal burning flaming stage into

two different stages with different types of EC emitted. The first
flaming stage produced particles with a high soot-EC content,
and the second flaming stage emitted char-EC particles
containing more organic matter. The low-molecular-weight
volatile organic matter tended to take part in the homogeneous
reaction to form soot-EC, but the refractory organic
compounds were more likely to turn into char-EC by
heterogeneous conversion. For the whole coal combustion
process, these different EC formation mechanisms dominated
different burning stages, and the proportion of each period of
burning stage was affected by the combustion conditions and
coal properties. Previous works reported that the EC emission

of different coal types with different volatile contents in several
specific combustion experiments showed a bell shape
tendencythe medium-volatile bituminous coal has the largest
emission factors of ambient air pollutants (PM, EC, and OC),
while the lower and higher volatile content coal have lower
emission factors.6 A reasonable explanation for this result is that
differently constituted coals with different volatilities transform
into different EC types through different processes, and the
RCC EC emission was a mixture of these different EC
formation processes.
The distinct characteristics of Char-EC and Soot-EC,

including composition, size, morphology, and mixed state,
can result in different environmental impacts. For example,
fresh particles generated by low-temperature burning contain
more OC and scatter light more significantly; whereas the high-
temperature-produced particles with more EC strongly absorb
solar radiation that causes global warming. Moreover, EC
particles formed in different combustion stages have clearly
different compositions and OC mixing states, which could also
result in different environmental impacts.8,50

Therefore, we believe that the aspects of RCC generated EC
should be considered when doing environmental risk assess-
ment or human health evaluation.
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