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ABSTRACT: Coal combustion is one of the most significant sources of air pollution in China. In this study, emission factors
(EFs) of 15 polycyclic aromatic hydrocarbons (PAHs), 26 nitrated PAHs (NPAHs) and 6 oxygenated PAHs (OPAHs) were
determined in five different coals with different geological maturity (vitrinite reflectance Ry = 0.77—1.88%) burned in the form of
honeycomb briquettes. The total EFs ranged from 9.82 to 215 mg kg™ for PAHs, 0.14 to 1.88 mg kg™' for NPAHs and 4.47 to
20.8 mg kg™' for OPAHs. Measured EFs and gas-particle partitioning varied depending on the geological maturity. The lowest
EFs were found in anthracite. The proportion of PAHs, NPAHs and OPAHs in gaseous phase increasing with increased
geological maturity. The coal with higher geological maturity produced more 3-ring PAHs. On the basis of the statistical analysis
for the residential sector of China in 2008, PAHs, NPAHs and OPAHSs emitted from residential honeycomb coal briquettes were
4.36 Gg, 0.03 Gg and 0.47 Gg in 2007, respectively. By 2020, the emission would decrease to 2.18 Gg, 0.02 Gg and 0.24 Gg for
PAHs, NPAHs and OPAHs due to the increasing usage of new energy resources. If only anthracite is used as the residential coal,

93% PAHs,

87% NPAHs and 71% OPAHSs would be reduced in 2020.

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) have been exten-
sively studied due to thelr well-known carcinogenic and
mutagenic properties.' * Recently, more attention has been
paid to nitrated (NPAHs) and oxygenated PAHs (OPAHs) due
to their toxicity.”~® Some NPAHs have been suggested to be
more mutagenic and carcinogenic than unsubstituted PAHs.”
OPAHEs, such as polycyclic aromatic quinones, have been found
to generate reactive oxygen species (ROS), resultmg in
oxidative stress that can lead to allergic diseases. 1011 NPAHs
and OPAHs can be emitted during incomplete combustion
processes,”>'> similar to unsubstituted PAHs and also are
produced from the reactions between gas-phase PAHs and
oxidants in the atmosphere.”'*'*

Coal combustion is one of the most important sources of
PAHs, NPAHs and OPAHs in most developing countries,
especially in China, where coal accounts for approximately 70%
of the total primary energy consumption in 2009, accordmg to
the official figures in the National Bureau of Statistics." It was
estimated that domestic coal combustion contributed to
approximately 20% of total PAH emissions in China.'®
Among different combustion forms of coal, residential
honeycomb coal briquettes are widely used for cooking and
heating in China and they are potentially an important source
of PAHs in the atmosphere. The emission characteristics of
residential coal combustion have been studied.'”~>* The results
showed that the combustion of bituminous coal with vitrinite
reflectance (Rp) around 0.9% produced the highest emission
factors (EFs) of particulate matter (PM), elemental carbon
(EC), organic carbon (OC) and PAHs. Anthracite, the cleanest
available residential coal fuel, is therefore the favored choice for
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domestic combustion from the viewpoint of both climate
change and health effects. Tao’s group has scored lots of
achievements in wood, crop residues and coals combustion in
China.*"**7° However, due to different geological maturity
in various coals and their different burning styles, the studies on
the emission of PAHs, NPAHs and OPAHs from the residential
combustion of honeycomb coal briquettes are still limited in
China 2122327

The purpose of this study is (1) to determine EFs for PAHs,
NPAHs and OPAHs from residential honeycomb coal briquette
combustion, (2) to discuss the effects of geological maturity of
the coal on the emissions, the profiles and the gas-to-particle
partitioning of freshly emitted PAHs, NPAHs and OPAHs and
(3) to estimate PAHs, NPAHs and OPAHs emissions from the
residential combustion of honeycomb coal briquettes based on
the EFs data in this study.

2. EXPERIMENTAL SECTION

2.1. Coals and Stove and Sampling Systems. Five different
types of coals were investigated in this study, which covered a wide
range of geological maturity, including bituminous coal from Ping
Ding Shan (PDS, Ry = 0.77%), Xuan Wei (XW, R = 1.20%), Lin Fen
(LF, Rg = 1.35%) and Qin Yuan (QY, Ry = 1.51%) and anthracite
from Jin Cheng (JC, Ro = 1.88%). The analysis of the coals is
presented in Table 1. These raw coals were powdered and intermixed
with 40% of clay to produce honeycomb briquettes. The briquettes
were 12 hole columns with a height of 6 cm and diameter of 9 cm. The
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Table 1. Ultimate and Proximate Analysis of Raw Coal

raw coal JC QY LF XwW PDS
proximate analysis (wt %, on air-dry (ad) basis)
moisture (M) 0.66 0.68 0.63 1.16 0.74
ash (4,7 164 190 58 377 383
volatile (V) 687 208 224 278 395
fixed carbon (FC,4) 76.1 59.6 71.2 334 21.4
total S (Suq) 282 298 044 086 LIl
ultimate analysis (wt %, on dry ash-free (daf) basis)
Co 833 801 762 749 732
Hy¢ 346 4.08 3.86 3.99 5.65
Ny 091 132 116 123 132
Oguf 5.19 4.45 4.78 547 8.41
virtual reflectance (Rq (%)) 1.88 1.52 1.34 1.20 0.77

combustion experiments were conducted in a clean room simulating
the cooking and heating practice in a honeycomb briquette stove,
which is commonly used in China and purchased from the market in
Guang Zhou city. Details of the stove was described in previous
study.”” Briefly, the stove is a 27 X 21 cm cylinder with a 12.5 cm
diameter inner, metallic outer cover and the thermal barrier between
the inner and the cover. Near the bottom, a 6 cm diameter hole is used
for controlling the air supply. The pictures of the honeycomb coal

briquettes and the stove are presented in Figure S1 of the Supporting
Information (SI). In this room, the ambient temperature and relative
humidity were 24—26 °C and 55—60%, respectively. The temperature
in sampling tunnel was 25—31 °C. The schematic diagram of the
experimental setup is shown in the Figure S2 of the SI.

2.2. Sampling Procedure. The first honeycomb coal briquette
was ignited at the bottom of the stove using charcoal. The second coal
briquette was added after the first one had burned for 1 h,
subsequently, the charcoal ash was cleared out. The third briquette
was added after the second had burned for 1 h. Then the stove was put
into the burning chamber and the sampling started instantly. During
the sampling, a fraction of smoke was collected using a quartz fiber
filter (QFF, Whatman, 25.4 cm length X 20.3 cm width) for particulate
compounds and a polyurethane foam (PUF, Whatman, 6.5 cm
diameter X 8 cm height) for gaseous compounds with a flow rate of 32
L min™". The sampling lasted for 1 h. The weights of the honeycomb
coal briquettes before and after combustion were recorded to obtain
the actual weight of coal burned, which varied from 0.21 to 0.30 kg. It
should be noted that the disturbance of background can be neglected
due to the front filter of the blower and the significantly high emission
compared with background pollution level. The reproducibility of the
experiment was checked in two separate combustions and collecting
procedures for LF and PDS, the whole procedure from ignition and
burning to sampling. The relative deviations (RD) of PAHs, NPAHs
and OPAHs were 11.1%, 7.2% and 17.1%, respectively, and a set of
experiment results were used in the following discussion.

Table 2. EFs of PAHs, NPAHs and OPAHs Including Particulate and Gaseous Phases in Residential Coal Combustion

abbreviation ~ JC QY LF XW
NPAHs (ug kg™")
1-nitronaphthalene 1-NNap 383 240 9.04 736
2-nitronaphthalene 2-NNap 303 240 975  8.08
3-nitrobiphenyl 3-NBip 052 270 144 133
4-nitrobiphenyl 4-NBip 325 738 744 18.5
2-nitrobiphenyl 2-NBip 270 755 969 185
1,5-dinitronaphthalene 1,5-DNNap 006 042 0.15 0.58
1,3-dinitronaphthalene 1,3-DNNap 0.62 055 342 470
3-nitrodibenzofuran 3-NBFur 026 469 445 974
S-nitroacenaphthene S-NAce 4.81 130 18.6 299
2,2'-dinitrobiphenyl 2,2-NNBip 0.09 063 011 016
2-nitrofluorene 2-NFl 4.33 197 719 78S
9-nitroanthracene 9-NAnt 232 227 265 38.8
1,8-dinitronaphthalene 1,8-NNap 267 215 308 4638
1-amino-4- 1A-4-NNap  0.01 0.05 ND 0.22

nitronaphthalene
2-nitroanthracene 2-NAnt 6.03 276 353 490
2-nitrodibenzothiophene ~ 2-NDBthp 3.61 356 822 730
9-nitrophenanthrene 9-NPhe 137 125 227 228
3-nitrophenanthrene 3-NPhe 1.37 1.84 0.02 849
9,10-dinitroanthracene 9,10- ND 0.92 131 1.04
DNAnt
3-nitrofluoranthene 3-NFlu 9.55 297 943 17.6
1-nitropyrene 1-NPyr 0.43 55.9 344 453
2,7-dinitrofluorene 2,7-DNFI1 0.17 9.28 33.0 41.7
2,8- 2,8- 090 596 140 246
dinitrodibenzothiophene ~ DNBthp

7-nitrobenz[a]anthracene ~ 7-NBaA 044 723 122 250
6-nitrochrysene 6-NChr 037 126 261 17.3
6-nitrobenz(a)pyrene 6-NBap 297 245 192 173

"Not detected.

PDS

30.3
9.12
1.61
289
604
0.44
7.03
122
82.5
4.14

3.74

73.9
71.8
0.65

28.9

89.9
10.5
60.5
5.35

42.2
106

116

77.8
7.29
7.65
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abbreviation ~ JC QY LF XW  PDS
PAHs (mg kg™")
acenaphthylene Acy 003 035 097 053 146
acenaphthene Ace 002 015 091 030 189
fluorene Fl 0.57 16.1 17.6 12.5 229
phenanthrene Phe 591 54.8 53.1 42.3 56.5
anthracene Ant 0.41 636  7.67 8.74 19.2
fluoranthene Flu 0.64 8.65 7.55 7.35 10.8
pyrene Pyr 0.56 893  9.54 12.2 19.1
benz[a]anthracene  BaA 0.14 116 887 102 137
chrysene Chr 0.62 242 20.5 18.5 22.1
benzo[b] BbF 0.62 14.7 9.38 6.87 8.05
fluoranthene
benzo[k] BKF 0.03 1.76 1.13 1.15 1.88
fluoranthene
benzo[a]pyrene BaP 005 580 469 684 124
indeno[cd]pyrene  IncdP 006 359 210 247 314
dibenzo[ah] DahA 0.04 4.53 2.00 2.04 2.45
anthrathene
benzo[ghi] BghiP 0.13 7.59 8.01 12.2 194
perylene
OPAHs (mg kg™")
9-fluorenone 9-FIO 410 994 149 828 8.9
anthraquinone AntO 023 341 265 322 497
cyclopenta[def] CPO 005 027 021 024 050
phenanthrene-4-
one
benzanthrone BZO 0.01 0.21 0.61 0.67 1.70
benz(a) BaAO 008 057 022 024 040
anthracene-7,12-
dione
6H-benzo[c,d] 6H-BcdPO  ND 1.59 126 1.67 456
pyrene-6-one
total (mg kg™")
> PAHs 9.82 169 154 144 215
ZNPAHS 0.14 1.20 0.44 0.50 1.88
ZOPAHS 4.47 16.0 19.9 14.3 20.8
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2.3. Analytical Methods. Detailed information on the extraction
and instrumental analyses has been published elsewhere.>*"** Briefly,
the surrogate standard consisting of S-nitroacenaphthene-D9, 9-
nitroanthracene-D9, 3-nitrofluoranthene-D9, 6-nitrochrysene-D11,
naphthalene-D8, acenaphthene-D10, phenanthrene-D10, chrysene-
D12 and perylene-D12, was added to the samples prior to extraction.
The PUFs were Soxhlet extracted with 200 mL of dichloromethane
(DCM)/methanol (2:1, v:v) for 48 h. The QFF samples were
ultrasonically extracted with 3 X 20 mL DCM/methanol (2:1, v:v) for
30 min. The extracts were filtered, concentrated and then purified by
2:1 silica—alumina columns. The fraction containing parent PAHs,
NPAHs and OPAHs was collected, reduced almost to dryness and
then dissolved in n-hexane. Prior to an instrumental analysis, known
quantities of internal standards, hexamethylbenzene (for PAHs) and 2-
nitrofluorene-D9 (for NPAHs and OPAHs) were added to the
samples. All samples were analyzed using gas chromatography/mass
spectrometer (GC/MS). The mass spectrometer was operated in
electron impact ion (EI) mode and selected ion monitoring (SIM) for
parent PAHs, and electron capture negative ion (ECNI) mode and
SIM for NPAHs and OPAHs. The instrumental conditions for
individual PAHs, NPAHs and OPAHs are provided in the Supporting
Information. Fifteen PAHs, twenty-six NPAHs and six OPAHs were
quantified in this study. These target compounds and their
abbreviations are given in Table 2.

2.4. Quality Control (QC) and Quality Assurance (QA). Before
the sampling, PUFs were pre-extracted with DCM for 48 h each. QFFs
were baked at 550 °C in a muffle furnace for 4 h. The reproducibility
of the collecting procedure was checked in two separate experiments
for the filter/PUF samplers. Surrogate standards were spiked to the
samples for monitoring the analytical procedural performance and
matrix effects. Instrumental detection limits of the PAHs, NPAHs and
OPAHs ranged from 1.22 X 1077 to 1.52 X 1077 mg, 1.54 X 107% to
4.87 X 107® mg and 1.11 X 107® to 2.91 X 107® mg, respectively.
Laboratory analysis method detection limits ranged from 1.46 X 10~
to 1.95 X 107 mg mL™}, 1.91 X 10~ to 5.91 X 10° mg mL™" and
1.55 X 1078 to 3.56 X 10~® mg mL™". The mean recoveries for the
target compounds were in the range from 73% to 117%, except
naphthalene-D8 (less than 50%). The results of naphthalene,
therefore, have not been discussed in this study.

3. RESULTS AND DISCUSSION

3.1. EFs of PAHs, NPAHs and OPAHSs. The individual EFs
for PAHs, NPAHs and OPAHs for both particulate and gaseous
phases from the honeycomb briquette combustion of five
different coals are presented in Table 2. The formula to
calculate EFs is provided in the Supporting Information. The
results showed that the ) EFs varied widely among these fuels,
and bituminous coals yielded the higher emission than the
anthracite.

The highest EF of Y PAHs (EFp,y,) for bituminous coal was
215 mg kg™' (PDS) and the anthracite (JC) yielded the lowest
emission (9.82 mg kg™'). This result was consistent with the
study by Tao et al., which reported that the EFs of the total 16
PAHs were in the range from 6.25 mg kg™" (anthracite) to 253
mg kg™" (bituminous) for residential coal combustion in a rural
area in China.”® The EFp, reported in other literatures for the
coal combustion varied from 14 to 341 mg kg™ in vigorous
combustion conditions.'>"®

PAHs diagnostic ratios have been used as a tool for
identifying and assessing pollution emission sources.”® Ratios
of Ant/(Ant + Phe), Flu/(Flu + Pyr), BaA/(BaA + Chr) and
IncdP/(IncdP + BghiP) in this study ranged from 0.06—0.25,
0.36—0.53, 0.18—0.38 and 0.14—0.32, respectively (Table 3).
Compared with previous studies,'®*****% the values of these
ratios fell in the range for the coal combustion and biomass
burning.
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Table 3. PAHs Diagnostic Ratios from the Emission of Coal
Combustion

coal JC QY LF Xw PDS
virtual reflectance (Rg (%)) 1.88 1.52 1.34 1.20 0.77
Ant/(Ant + Phe) 006 010 013 017 025
FIA/(FIA + Pyr) 053 049 044 038 036
BaA/(BaA + Chr) 018 032 030 036 038
BbF/(BbF + BkF) 0.95 0.89 0.89 0.86 0.81
IncdP/(IncdP + thiP) 0.30 0.32 0.21 0.17 0.14

The EFs for Y NPAHs were approximately 2 orders of
magnitude lower than those of ) PAHs. They ranged from 0.14
mg kg™' (JC) to 1.88 mg kg™ (PDS). The NPAHs could be
produced by the reaction of PAHs with the NO,."**® The
lower EFypay, might be attributed to the lower contents of
element N (0.91—1.32% of original coals) and inactive N, in
the air.®> Similar to the PAH emissions, bituminous coals
combustion produced much more NPAHs than anthracite. The
results in this study were in the same range of coal combustion
reported by Shen et al.,'> in which NPAHs varied from 0.16 to
2.4 mg kg™' for vigorous coal combustion. However, only 9
NPAH:s including 1-NNap, 2-NNap, 5-NAce, 2-NFl, 9-NAant,
9-NPhe, 3-NPhe, 3-NFlu and 1-NPyr were analyzed in the
previous studies.”'” The 9 NPAHs accounted for 22.2—65.4%
of Y NPAHs, and additional 17 NPAHs were reported in this
study.

The EFs of individual NPAHs were over two orders of
magnitude lower than those of their corresponding parent
PAHs. The ratios of EFypay to their corresponding parent
EFpay varied from 4.3 X 1077 (3-NPhe/Phe, LF coal) to 0.06
(6-NBap/Bap, JC coal) (Table 4), which were different from

Table 4. Ratios of the Individual EFyp,y and EFypsy to
Their Corresponding Parent EFp,y

coal jC QY LF XW PDS
NPAH/PAH
2-NFI/Fl 7.55 122 041 0.63 0.16
2,7-DNFI/Fl 0.30 0.58 1.87 335 142
9-NPhe/Phe 0.23 0.02 0.04 0.05 0.19
3-NPhe/Phe 0.23 0.03 0.0004 0.20 1.07
2-NAnt/Ant 14.8 434 4.60 5.61 1.50
9-NAnt/Ant 570 3.58 345 4.4 3.84
9,10-DNAnt/Ant NA® 0.14 0.17 0.12 0.28
3-NFlu/Flu 15.0 3.4 125 2.40 391
1-NPyr/Pyr 0.77 626 3.60 372 5.58
7-NBaA/BaA 325 0.63 137 2.44 5.67
6-NChr/Chr 0.60 0.52 0.13 0.94 033
6-NBap/Bap 60.7 042 0.41 025 0.62
OPAH/PAH
9-FI0/Fl 7.14 0.62 0.84 0.66 0.38
AntO/Ant 0.57 0.54 035 037 026
BaAO/BaA 0.60 0.05 0.03 0.02 0.03

“Not available.

the values for wood and coal combustion reported by Shen et
al,*? ranging from 5.7 X 1075 for 3-NPhe/Phe to 0.095 for 9-
NAnt/Ant. The differences might be attributed to the different
content of element N in fuels and the combustion conditions.
The relationship between the ratios of EFypay to their
corresponding parent EFp,y and the contents of element N
in five different coals was investigated in this study. A weak
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correlation between them was observed. The N contents in
coals ranged from 0.91% to 1.32% in mass with the order of
PDS > QY > XW > LF > JC, but the order of the ratios of
EFypay to their corresponding parent EFp,y was JC > PDS >
XW > QY > LF. Therefore, the N contents in coals might not
be involved in the NPAH formation during combustion
directly. The previous studies found that the particulate
NPAHs from direct emissions were formed from a high
temperature electrophilic nitration of PAHs by NO, during
combustion processes.'** Therefore, a possible reason for the
divergence between the different studies for these ratios might
be diverse contents of active N such as NO, in ambient air.

The EFs of ) OPAHs ranged from 4.47 (JC) to 20.8 mg
kg™ (PDS) and they were approximately an order of
magnitude lower than those of ) PAHs. The EFs of
Y OPAHs were higher than that of ) NPAHs because the
OPAHs may be produced by reaction of PAHs with O- or OH:,
which are produced continuously by the radical chain reactions
during the combustion.>” Bituminous coals yielded 3—4 times
OPAHs than anthracite. EFy g and EF, o were in the same
order of magnitude as EFy and EF,,, whereas the EFs of BZO
and BaAO were much lower than that of their parent
compound BaA. The ranges for FIO/Fl, AntO/Ant, BZO/
BaA and BaAO/BaA were 0.38—7.14, 0.26—0.57, 0.02—0.12
and 0.02—0.60, respectively (Table 4). The FIO/Fl (4.3) and
BaAO/BaA (0.025) ratios for coal briquette combustion
reported by Shen et al.'* fell in the range of this study. It is
worth noting that the wood combustion showed similar values
of FIO/FI1 (0.79) and AntO/Ant (0.42), and lower BaAO/BaA
when compared to those from coal combustion, with an
average of 0.020."% Therefore, BaAO/BaA might be used for
identifying pollution emission sources.

To exploe the formation mechanism of PAHs, NPAHs and
OPAHs, their contents in the raw coals were measured. The
results show that the PAHs, NPAHs and OPAHs contained in
the raw coal accounted for 5.17—39.9%, 1.21—12.1% and 0.91—
13.5% of the EFpauy EFnpans and EFgpay, respectively. The
profile of PAHs, NPAHs and OPAHs existed in the raw coal
were different from that in the combustion smoke. For
example, Phe was most abundant species in smoke whereas
BbF was the most in JC raw coal, and most of NPAHs were not
detected in raw coals. Therefore, the PAHs, NPAHs and
OPAHs in the emission may be yielded during the combustion,
and/or volatilize from the raw coals. The individual PAHs,
NPAHs and OPAHs in the raw coal are presented in Table S1
of SL

3.2. Profiles of PAHs, NPAHs and OPAHSs. The profiles
of PAHs, NPAHs and OPAHs were significantly different
among the anthracite and bituminous coals (Figure S3). For
anthracite, Phe was the most abundant species, accounting for
60.2% of Y PAHs, followed by Chr, Fl, BbF and Flu, which
accounted for 6.31—14.3%. For bituminous coals, PAHs
showed a similar profile. Phe was still the most abundant
species; however, it had lower contribution to > PAHs (26.3—
32.4%). The contributions of Fl and Chr from anthracite were
lower than those from bituminous coals (8.65—11.5% and
12.8—14.3%), and Flu did not vary greatly among the tested
coals. A similar PAH profile was reported for the coal
combustion.'>®

Compared with other emission sources, the coal
combustion emitted less 3-ring PAHs (44.6—70.6% of
Y PAHs) and more 4-ring PAHs (around 30%) than vehicle
emission, in which 3- and 4-ring PAHs contributed 79.8—93.9%

26,38,39
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and 3.6—10.3% to Y PAHs, respectively. Biomass burning
emitted similar 4-ring PAHs but less S-ring PAHs (1.9—7.18%)
than coal combustion (7.57—15.8%). Nevertheless, coal
combustion emitted more 6-ring PAHs than the other sources
(around 2%), particularly the bituminous coals emitting more
6-ring PAHs (around 10.5%).

Among the 26 detected NPAHs in this study, 1-NNap was
the most abundant species for anthracite, accounting for 27.0%
of YNPAHs with the EFs of 0.04 mg kg™', followed by 2-
NNap, 2-NBip and 3NFlu accounting for 21.4%, 19.1% and
6.74%, respectively. The mean of 2-NBip was the most
abundant species for bituminous accounting for 3.72—62.8%
of ) NPAHs with the EFs of 0.02—0.75 mg kg™, followed by
2-NDBthp, 5-NAce and 1-NPyr, accounting for 2.96—14.7%,
6.01—10.7% and 4.65—9.13%, respectively. Although 26
NPAHs were detected in this study, only 9 NPAHs were
chosen for the profile comparison because the data for the
other compounds was not available in the literature. Among the
selected 9 NPAHs, 1-NNap was the most abundant species for
anthracite accounting for 41.2% of 9 NPAHs with the EFs of
0.04 mg kg™', followed by 2-NNap, 3-NFlu and 5-NAce
accounting for 32.7%, 10.3% and S5.19%, respectively. 5-NAce
was the most abundant species for bituminous coals accounting
for 18.0—41.9% with the EFs of 0.02—0.13 mg kg_l, followed
by 1-NPyr, 9-NAnt and 3-NFlu, accounting for 18.2—29.4%,
7.4—23.4% and 8.1—10.6%, respectively. These profiles were
different from the study by Shen et al,'* in which 9-NAnt and
9-NPhe were the most abundant two species accounting above
70.6% and 10% of the total 9 NPAHs, respectively. In this
study, 9-NAnt and 9-NPhe only accounted for 0.41—23.4% of
the total 9 NPAHs. The difference may be attributed to the
different coals tested and the different combustion conditions.
Geological maturity of the coal was not available in the study by
Shen et al. Compared with the biomass burning, a similar
NPAHSs profile was observed in anthracite, for which 1-NNap
and 2-NNap were the largest contributors to Y NPAHs
(greater than 50%). Different profiles were found for
bituminous coals, in which 1-NNap and 2-NNap contributed
less than 16% (Figure S3b).

Four OPAHjs, 9-F10, AntO, BZO and BaAO were chosen for
the profile comparison, which accounted for 75.8—98.9% of
Y OPAHs. 9-FIO contributed 55.1—92.7% to the total 4
OPAHj, followed by the AntO, BZO and BaAO. The most
remarkable difference between coals and biomass burning was
the contribution of BZO, which accounted 0.159—10.8% for
coal combustion and 15.4—39.6% for biomass burning (Figure
S3c). The contribution of 9-FIO for the coal combustion
(55.1-92.7%) was higher than that for the biomass burning
(41.9-44.2%).

3.3. Impact of Geological Maturity. In the previous
study, the geological maturity of the coals showed significant
effects on the EFy- and EFyc under the residential burning
conditions.”® In this study, the EFs and profiles of PAHs,
NPAHs and OPAHs and their gas-particle distribution were
also found to be dependent on the geological maturity of the
coals.

The EFs of ) PAHs, > NPAHs and ) OPAHs decreased
noticeably with geological maturity increasing. Briefly,
bituminous coal (PDS, Ry = 0.77%) had the highest values
of EFs, followed by XW (Rg = 1.20%), LF (R = 1.35%) and
QY (Rp = 1.51%). Anthracite (JC, Ry = 1.88%) yielded 1-2
orders of magnitude lower than the bituminous coals. The
previous studies showed that bituminous coal formed more tar,
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PM, EC, OC and PAHs than anthracite, particularly the

bituminous coal, with a value of Ro around 0.9%.'320404!
From Table 5, it can be seen that 3-ring PAHs were the most

species in the coal combustion emission in which Phe

Table S. Species of PAHs from the Emission of Coal
Combustion

Coal JC QY LF Xw PDS
virtual reflectance (Rq (%)) 1.88 1.52 1.35 1.20 0.77
3-ring 70.6 46.0 52.1 44.6 474
4-ring 19.9 31.5 30.1 33.5 30.6
S-ring 7.57 15.8 11.2 11.7 11.5
6-ring 1.94 6.61 6.56 10.2 10.5

accounted for a large percentage, and it decreased with the
decreasing geological maturity. Higher ring (6-ring) PAHs
showed an increased tendency with decreasing geological
maturity, but no trend was found for the other PAHs.
Compared with coal combustion, the combustion of diesel
and gasoline with higher geological maturity, which can be
obtained from the methyphenanthrene distributions, produced
much 31;1;)9re 3-ring PAHs and less 4-ring, S-ring and 6-ring
PAHs.”™

In addition to the EFs, the distribution between the gaseous
and particulate phases was also influenced by the geological
maturity of the coals. The EFs of individuals PAHs, NPAHs
and OPAHs in the gaseous and particulate phases are presented
in Table S2—S7 (SI). Generally, compounds with relatively low
molecular weight (MW) and high volatility are dominated in
the gaseous phase, whereas those with relatively high MW and
low volatility tend to stay in particulate phase.”** In Figure 1, it
is noticeable that the contributions of the gaseous phase to the
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Figure 1. Proportion of part of PAHs (a), NPAHs (b) and OPAHs (c)
in gas phase impacted by geological maturity for five selected coal
combustions.

total gaseous and particulate PAHs, most NPAHs and OPAHs
declined with decreasing geological maturity. For example, the
highest contribution of 9-FIO (98.7%) was found in JC (Ro =
1.35%), followed by QY (48.3%, Ry, = 1.20%) LF (34.4%, R, =
1.35%), XW (22.9%, Ry = 1.20%), and PDS (1.37%, R, =
0.77%). The EFyy values for different coals were 2.21 X 10° mg
kg_1 for JC, 1.20 x 10* mg kg_1 for QY, 1.35 x 10* mg kg_1 for
LF, 1.37 X 10* mg kg™' for XW and 7.03 X 10* mg kg™ for
PDS. The individual PAHs, NPAH and OPAHs tended to exist
in the gaseous phase when a low number of particles was
emitted, whereas they tended to be bound with particles when
plenty of particles were emitted. The contributions of gaseous
phase decreased exponentially with the increase of EFpy
(correlation coefficient R* ranging from 0.424 to 0.915) (Figure
S4).

3.4. Estimates of PAHs, NPAHs and OPAHs Emission.
The estimation of the emission of PAHs, NPAHs and OPAHs
from the residential honeycomb coal briquettes combustion in
China was calculated. The total residential coal consumption in
China from China coal industry yearbook 2008 was about
81.1Tg (teragram) during 2007, in which 17.4% was anthracite
and 76.8% was bituminous coals. Chen et al. reported that 40%
of the residential coal was burned as honeycomb coal
briquettes,'® and Streets et al. assumed a very close value
(41%) for the year 2020. In this study, 40.5% of the domestic
coal was supposed to be burned in the honeycomb coal
briquette form. Therefore, there were 5.72 Tg of anthracite and
252 Tg of bituminous coal burned as honeycomb coal
briquettes in 2007. The estimated annual emission from
honeycomb coal briquette combustion in 2007 was 4.36, 0.03,
and 047 Gg (gigagram) for PAHs, NPAHs and OPAHs,
respectively. Although bituminous coal accounted for 76.8% of
the total coal consumption, it contributed much more PAHs
(98.7%), NPAHs (97.7%) and OPAHs (94.6%). A previous
study estimated 4.72 Gg PAHs emission form domestic
honeycomb coal briquettes combustion,'® which was about
8.3% higher than that estimated by this study. An estimate by
Xu et al. on the total emission of 16 PAHs in China was 25.3
Gg and they were from major sources including the using of
coals, oil and firewood."® On the basis of the estimation above,
the emission from honeycomb coal briquettes contributed
about 17.2% to the total PAHs. It was estimated that residential
coal consumption in China would be 40 Tg by 2020,* thus, the
estimated annual emission from honeycomb coal briquette
combustion in China would be declining greatly, which would
be 2.18, 0.02, and 0.24 Gg for PAHs, NPAHs and OPAHs,
respectively. The emissions would be further reduced by 2050
because of the increased usage of new clean energy resources. If
only anthracite is used as the residential coal, 93% PAHs, 87%
NPAHs and 71% OPAHs would be reduced in 2020. It should
be noted that NPAHs and OPAHs are more mutagenic and
carcinogenic than unsubstituted PAHs even though their
emissions are much lower than PAHs, and great attention
should be taken of the negative effects of coal combustion on
human health and the environment.

4. CONCLUSIONS

Emission characterizations of PAHs, NPAHs and OPAHs
yielded from different honeycomb coal briquettes were studied.
The results indicate that geological maturity of the coals may
affect the emission characterization such as EFs, gas-particle
partition and profiles of PAH species. Bituminous showed the
highest EFs among the tested coals, whereas anthracite had the
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lowest EFs. Therefore, priority should be given to anthracite
when coal is used as residential fuel. Additionally, annual
emissions of PAHs, NPAHs and OPAHs from the residential
honeycomb coal briquettes combustion in China were
estimated. The emissions would be decreased as the more
new energy resources are used.

B ASSOCIATED CONTENT
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Instrumental conditions, formula of EFs, schematic diagram of
the experimental setup, the PAHs, NPAHs and OPAHs profiles
and their composition in gaseous phase and particle phase. This
material is available free of charge via the Internet at http://
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