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HIGHLIGHTS

e Coal burning for household heating in
Ulaanbaatar led to extreme PM,5
pollution.

e Metal elements associated with dusts
exerted significant health effects.

e Vehicular emission was the major
source of EPFRs rather than coal
burning.

e Co-emissions of PAHs and specific
metals by vehicles generated EPFRs.

ARTICLE INFO

Keywords:

PAHs

EPFRs

Domestic heating
Dust event
Health risk

GRAPHICAL ABSTRACT

ABSTRACT

Simulated combustion experiments have identified polycyclic aromatic hydrocarbons (PAHs) and metal oxides as
critical species in the formation of environmental persistent free radicals (EPFRs). However, little evidence exists
regarding the interactions among PAHs, metals, and EPFRs in the real atmosphere. In this study, we collected
PM, 5 samples in downtown Ulaanbaatar in four seasons from 2020 to 2021, and analyzed the seasonal variations
of 16 PAHSs, 14 heavy metals and EPFRs in PMjy 5. The health risks of PM; 5 were determined by calculating the
incremental lifetime cancer risks of PAHs and heavy metals and equivalent cigarette numbers of EPFRs.
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According to the source apportionment results of the Positive Matrix Factorization (PMF) model, coal and
biomass combustion, vehicular emission, and fugitive dust were identified as the dominant sources of PAHs,
EPFRs, and heavy metals, respectively. The intercorrelations of EPFRs with PAHs and heavy metals from
different sources revealed the important roles of most PAHs and some specific metals such as Zn, Pb, Sb, Sn, Tl in
the formation of EPFRs. The dominant contribution of vehicular emission to EPFR pollution in PMgy 5 could be
largely attributed to the co-emissions of PAHs and specific heavy metals in vehicular emission.

1. Introduction

A clear understanding of the composition, health risks and sources of
PM, 5 is a prerequisite for raising effective mitigation measures and
improving air quality. Polycyclic aromatic hydrocarbons (PAHs) and
heavy metals are two well-known groups of harmful components of
PM, 5, both of which contribute significantly to the health risks of PM5 5
[1,2]. PAHs are typically generated from the incomplete combustion of
carbonaceous materials, and most PAHs are carcinogenic and mutagenic
to humans. Once emitted into the atmosphere, they can also migrate and
transform in the environment, further generating more toxic products
and secondary aerosol pollution [3,4]. On the other hand, heavy metals,
among their various sources, can also originate from the combustion
sources similar to those of PAHs. The coexistence of PAHs and heavy
metals in PM3 5 has been well documented in previous studies [5,6].

Environmentally persistent free radicals (EPFRs) are a new type of
emerging pollutants that have attracted great attention in recent years
[7]. EPFRs are a class of long-lived organic free radicals that can exist in
the environment for tens of days or even months. EPFRs can be stabilized
on atmospheric particulate matter and participate in atmospheric
chemical reactions to form new pollutants [8]. Moreover, the inhaled
EPFRs can catalyze the generation of reactive oxygen species in the
human body, causing oxidative stress and consequently inducing aging
and diseases [9]. High-temperature combustion of fossil fuels is an
established formation process of EPFRs, in which EPFRs are produced
via electron transfer between organic precursors and transition metals
and stabilized on particles [10]. Besides, recent studies have also re-
ported the formation of EPFRs under ambient conditions, through irra-
diation of atmospheric particulate matter by UV-visible light or
heterogeneous reactions between ozone and aromatic organic pre-
cursors [7,11-13].

Simulated combustion experiments using model reactants have
identified PAHs and metal oxides (CuO, ZnO, Al,O3, Fe;Os3, etc.) as
important precursors and surface catalysts for EPFR formation, affecting
the yield, type and chemical lifetime of the generated EPFRs [9,14]. In
addition, the formation of EPFRs upon irradiation of selected model
PAHs further implied the crucial role of PAHs in producing EPFRs
without metal oxides [15]. In fact, previous field investigation has
revealed the strong correlation between PAHs and EPFRs [2]. However,
very limited precursors were employed in previous simulation experi-
ments either at high temperature or under ambient conditions. Besides,
there are currently no field observation results exhibiting the in-
teractions among PAHs, metals, and EPFRs in the real atmosphere,
hindering the complete understanding of the roles of PAHs and metals in
the formation of EPFRs.

Ulaanbaatar is located inland with a high altitude (1351 m above the
sea level) and is one of the centers of the Siberian high. The minimum
temperature in Ulaanbaatar can reach —40°C in winter and the
maximum temperature can reach 35°C in summer, with an average
annual temperature of around —1.5°C. Being the coldest inland capital
city in the world, Ulaanbaatar suffers from severe PM; 5 pollution due to
the heavy use of solid fuels for heating in winter and frequent dust
events in spring, and is ranked among the most polluted cities in the
world according to World Air Quality Report. The incidence of respi-
ratory diseases in Ulaanbaatar has increased dramatically in recent
years, and the mortality rate due to indoor and outdoor pollution was
estimated around one thousandth in 2016 [16,17]. Nevertheless, the

chemical characteristics and health risks of PMy s have been rarely
studied, hindering the formulation and implementation of effective
mitigation measures. In this study, we collected PMy 5 samples in
downtown Ulaanbaatar in four seasons between January 2020 and
January 2021. The characteristics, health risks and sources of PAHs,
heavy metals and EPFRs were simultaneously investigated, aiming for
an effective mitigation of PM; 5 pollution with regards to its health ef-
fects. Moreover, the greatly changing climate and PMjy s sources in
Ulaanbaatar in four seasons enabled further exploration of the in-
tercorrelations of the three toxic species, which helped to better eluci-
date the different roles of PAHs and heavy metals in EPFR formation.

2. Materials and methods
2.1. PMy s sampling

PM, 5 samples were consecutively collected for around half a month
in each sampling period in January (winter), April (spring), July-August
(summer), and October-November (autumn), 2020 and January, 2021
(winter) so as to capture the general changes of PM; 5 in each season.
Such sampling protocol has also been applied in previous studies
investigating seasonal variations of PMy 5 [41]. The sampling site in
2020 was on the roof of the four-floor main building of National Uni-
versity of Mongolia (NUM, 47.92°N 106.91°E), located in the city center
of Ulaanbaatar. The sampling site in 2021 was shifted to another urban
site near the Central Laboratory of Water and Sewerage Authority
(47.92°N 106.94°E) due to the lockdown of NUM campus during the
COVID-19 epidemic outbreak. All PM, 5 samples were collected on
pre-baked (450°C, 4 h) quartz filters (PALLFLEX, 25.4 x 20.3 cm) using
a high-volume sampler at a flowrate of 1.05 m>min~!. The sampling
duration for each sample was 23.5 h from 8:30-8:00 the next day. A total
of 82 effective PM; 5 samples were collected in downtown Ulaanbaatar,
including 17 in winter 2020, 14 in spring 2020, 15 in summer 2020, 21
in autumn 2020, and 15 in winter 2021. Before and after sampling, the
filters were stabilized under constant temperature and humidity for 24 h
and weighed by an analytical balance for three times. The sample filters
were then stored in dark at —20 °C for further analysis.

Local meteorological conditions (temperature, wind speed, relative
humidity) and common gaseous pollutant (CO, SO, O3) concentrations
were obtained from the nearby national environmental monitoring
station. NOy concentration was continuously monitored in each sam-
pling period by a nitrogen oxide analysis instrument (Thermo Fisher
Scientific, 42I-DNMSDAA).

2.2. Sample analysis

PAHs: 2 cm? of each sample filter was cut and added with 100 pL of
1 ug mL™! hexamethylbenzene as a surrogate. The filter was then cut
into pieces and ultrasonically extracted using n-hexane (10 mL) for three
times. The combined extract was filtered with a 0.22-pm PTFE filter, and
concentrated to 0.5 mL using ultrapure nitrogen gas. The concentrated
solution was added with 10 pL of 100 ng mL™! internal standards and
diluted to 1 mL for analysis by a Shimadzu triple quadrupole gas
chromatography-mass spectrometer (GCMS-TQ8040). The internal
standards for the GC-MS measurement included naphthalene-Dg, ace-
naphthene-D;(, phenanthrene-D1g, chrysene-D;,, and perylene-D1s. 16
PAH monomers were analyzed and the detection limit ranged from 0.02
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to 0.22 ng m™>. The recovery rates calculated by hexamethylbenzene
were all above 90 % and the measured PAH concentrations were not
corrected for recovery. The GC-MS analysis details are provided in the
supporting file (Text S1).

Heavy metals: 12 cm? of each sample filter was cut into pieces and
digested in 10 mL HNOs3-HCI digestion solution using a microwave. The
digestion solution was prepared by diluting 55.5 mL HNO;3; and
167.5 mL HCl to 1 L with ultrapure water. The mixture was digested in
the microwave at 180°C for 15 min. Afterwards, the mixture was filtered
with a 0.45-um PES filter, diluted to 25 mL with ultrapure water, and
analyzed using a Shimadzu inductively coupled plasma mass spec-
trometer (ICPMS 2030). Li, Re, and Rh were selected as the internal
standards (50 pg L™>). The element signals were calibrated with 7-point
calibration curves (0 pg L3, 1.0 pg L73, 5.0 pg L3, 10.0 pg L3,
25.0 pg L™3,50.0 pg L3, and 100.0 pg L~>) and 14 heavy metal elements
including As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sb, Sn, Tl, and Zn were
measured.

EPFRs: EPFRs were measured using an electron paramagnetic reso-
nance spectroscopy (EPR), which could detect the radical concentration,
g-factor and line width (AHp-p) of EPFRs. Three 50 mm x 2 mm strips of
each sample filter were neatly placed in one EPR tube and measured for
EPFRs by an X-band EPR spectrometer (JOEL, JES-FA100, Japan). 2,2-
diphenyl-1-picryhydrazyl (DPPH, 95 %) was applied as a standard
radical for signal peak area calibration and EPFR concentration calcu-
lation. The detailed EPR operating parameters and procedure can be
found in our previous study [7].

OC and EC: The organic carbon (OC) and elemental carbon (EC)
contents of each sample were measured by a multi-wavelength carbon
analyzer (Atmoslytic Inc., DRI Model 2015, USA). A punch of the sample
filter (0.532 cm?) was cut and analyzed by the carbon analyzer following
the thermal/optical transmittance (TOT) protocol and IMPROVE-A
temperature program [18]. The method detection limits (MDL) of OC
and EC were 0.18 pg C cm ™2 and 0.04 pg C cm ™2, respectively.

2.3. Health risk assessment

The total carcinogenic equivalent concentration (BaPy) and muta-
genic equivalent concentration (BaPpeq) of PAHs were calculated as
follow:

BaP,, = Y.  PAH; xTEF, )

BaPn, = Y.  PAH; xMEF, @

where PAH; is the PAH monomer concentration, and TEFi and MEFi are
the corresponding toxic equivalency factor (TEF) and mutagenicity
equivalency factor (MEF), respectively [2]. The TEF and MEF values for
individual PAHs are presented in Table S1.

The Incremental Lifetime Cancer Risk (ILCR) model was applied to
evaluate the carcinogenic risks of PAHs and heavy metals via inhalation.
The ILCR values of the target pollutants were calculated by Eq. 3.

SF x TEQ x IR x EF x ED
BW x AT

ILCR = x107° 3)

Definitions of each parameter in Eq. 3 are as follow: ILCR: incre-
mental lifetime cancer risk; SF: carcinogenic intensity coefficient of
inhaled pollutants (PAHs: 3.85, As: 20.7, Cd: 6.3, Co: 9.8, Cr(VI): 42, Ni:
0.84, Pb: 0.28); TEQ: total equivalent concentration of PAHs or heavy
metals, ng~m’3; IR: respiratory rate, m? d’l, which is 17.5 m® d~! for
adult males, 14.5 m® d ! for adult females, and 10.9 m® d ! for children;
EF: exposure frequency, 365 d year’l; ED: exposure years, 30 years for
adults and 18 years for children; BW: body weight, 66.1 kg for adult
males, 57.8 kg for adult females, and 32.2 kg for children; AT: average
exposure time of 25550 days, corresponding to 70 years of exposure [1,
2].

The equivalent cigarette number was calculated to assess the expo-
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sure risk of EPFRs as follows [19]:

EQ.ig = (Crprrs ¥ V)/(Rccig % Cuar) @

where EQ.jq is the equivalent cigarette number (person’1 day’l), CEPFRs
is the EPFR volume concentration in the atmosphere (spins m ™), V is
the inhaled volume of air by an adult per day, 20 m® day !, RCejg is the
concentration of free radicals in cigarette tar, 4.75 x 10 spins g1, and
Ciar is the tar concentration per cigarette, 0.013 g cig’l.

2.4. Source apportionment by PMF

The sources of PAHs, heavy metals and EPFRs were analyzed using
the Positive Matrix Factorization (PMF) 5.0 model released by the
United States Environmental Protection Agency (US EPA). Duo to their
unique emission characteristics from different sources and their stability
in the atmosphere, PAH monomers and metal elements are often used as
the source tracers of PMy 5 in PMF [1,2]. In this study, the concentra-
tions of the 16 PAHs and 14 heavy metals were collectively used as the
inputs of the model to indicate source variation, and the total PAH
concentration, total heavy metal concentration and EPFR concentration
were set as the total variable, respectively, for apportioning their sour-
ces. The detailed PMF calculation and error estimation procedure is
presented in our previous study [20].

The data uncertainty (Unc) can be calculated by Eq. 5 when the PAH
or heavy metal concentration is above MDL, which was the case in this
study. Besides, Unc can be calculated by Eq. 6 when the measured
concentration is below MDL.

Unc = \/ (Error fraction x Concentration) + (0.5 x MDL)? 5)

Unc = g x MDL (6)

2.5. Potential source region analysis by PSCF

The MeteoIlnfoMap software developed by China Meteorological
Administration was used to conduct Potential Source Contribution
Function (PSCF) analysis of PM, 5 as well as backward trajectory clus-
tering in Ulaanbaatar in each sampling period. Ulaanbaatar (47.92°N,
106.91°E) was set as the starting point of backward trajectories, with 48-
hour backward tracking of air parcel trajectories at a height of 500 m
and a time resolution of 1 hour. The study domain was divided into grid
cells with a resolution of 0.5° x 0.5°. PSCF provides a preliminary
assessment of the potential source regions by counting the number of air
parcel trajectories in each grid cell with the PMj 5 centration over a
certain value. For detailed calculation steps, please refer to the previous
study [21].

3. Results and discussion
3.1. Seasonal variations of toxic pollutants in PMg 5 and their health risks

3.1.1. Seasonal variations of PM2 s and the major components

The temporal variations of the concentrations of total PAHs (16
PAHs), total heavy metals (3 14 HMs), EPFRs, as well as OC and EC
bound on PMjs in Ulaanbaatar in the five sampling periods in
2020-2021 are shown in Fig. 1 and their mean concentrations in each
sampling period are shown in Table 1. Overall, Ulaanbaatar was
severely polluted with PMj 5 in most seasons except for summer. While
the PMy 5 concentration was generally high in the cold seasons, spring
showed the highest mean concentration of PMy 5 (227.5 pg m~>), which
was attributable to the occurrence of dust events [8]. Also due to the
high contribution of dust, the total heavy metal concentration was high
in spring and autumn. The carbonaceous species in PMj 5 (OC, EC, PAHs
and EPFRs) all showed the lowest concentrations in summer and
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Fig. 1. Temporal variations of the concentrations of total PAHs (316 PAHs), PM, 5 and EPFRs (a), and total heavy metals (314 HMs), OC and EC (b) in the sampling

periods in 2020-2021.

Table 1

Concentrations (mean+standard deviation) of PMj s, total PAHs (316 PAHs), total heavy metals (3~14 HMs), EPFRs, OC and EC as well as indicators of health risks in

the sampling periods in 2020-2021.

Pollutants? Winter 2020 Spring 2020 Summer 2020 Autumn 2020 Winter 2021 Overall

PM, 5 217.9 + 48.7 227.5 +94.2 60.2 +£41.9 185.1 £ 74.4 199.1 +181.6 178.9 £ 114.5
>°16 PAHs 1605.1 + 346.4 86.0 + 42.5 25.6 + 5.0 320.2 +110.4 671.4 + 323.2 557.0 + 617.6
>"14 HMs 12.9 + 4.6 18.9 £ 9.0 5.0+ 2.4 13.0 £ 6.7 41+1.0 109 +7.7
EPFRs 121.5 £ 60.9 41.6 £ 24.2 11.4+10.3 71.6 £ 22.8 88.7 +40.3 68.9 +£51.9
EPFR g-factor 2.00290 2.00287 2.00298 2.00287 2.00281 2.00288
EPFR AHp,, 43+0.4 4.5+0.3 52+1.5 4.5+ 0.2 43+0.3 45+0.8

ocC 90.9 + 23.5 17.1£5.0 7.9+ 3.0 28.0 £ 9.2 32.7 £ 14.4 36.4 + 32.1
EC 21.1 £5.5 7.0+ 4.8 4.1+ 45 15.6 + 4.6 26.9 +£13.1 15.2 £ 10.8
BaPreq 108.0 + 22.1 10.0 + 4.7 2.9+0.9 33.0 £ 12.0 50.0 + 24.3 42.2 +40.7
BaPpeq 119.1 £+ 25.0 11.5+5.3 3.8+1.3 36.7 +13.3 54.2 + 26.2 46.7 + 44.4
EQcig 3.9+20 1.3+0.8 0.4+0.3 2.3+0.7 29+13 22+1.7

4 PM, 5, OC, EC and Y14 HMs concentrations in pg m~3, 216 PAHS, BaPicq, and BaPy,cq in ng m~3, EPFRs in 10'? spins m~3, and EQcjg in person’1 day’lA

elevated concentrations in the cold seasons, particularly in winter due to
the intensified domestic heating activities. It is interesting to note that
the OC as well as PAH and EPFR concentrations in winter, 2020 were
much higher than those in winter, 2021, while the EC concentrations in
the two sampling periods in winter were similar. The average OC/EC
ratio in the winters of 2020 and 2021 was 4.3 and 1.2, respectively,
showing significantly higher OC/EC values in winter, 2020 than those in
winter, 2021. The OC/EC ratio of particles originated from coal com-
bustion is typically lower than that of particles from biomass burning.
Besides, previous studies have shown that the OC/EC ratio could be
smaller than 2 for carbonaceous aerosols dominated by the high tem-
perature coal-fired sources [2] and greater than 4 for those from
household coal or biomass burning [22]. With the outbreak of COVID-19
pandemic in January, 2020, people stayed at home all day without
outside activities or work due to quarantine. Therefore, the need for
household coal or biomass burning for heating was greatly increased in
Ger area in particular, which consequently led to the significantly
elevated OC emissions in January, 2020.

Fig. 2 shows the Spearman correlation coefficients among different
species in PMy 5, gaseous pollutants and meteorological parameters.

While the carbonaceous species of PMy 5 (OC, EC, PAHs and EPFRs)
were generally highly intercorrelated, both PAHs and EPFRs showed
stronger positive correlations with OC (r: 0.96 for > 16 PAHs and r: 0.79
for EPFRs) than those with EC (r: 0.80 for > 16 PAHs and r: 0.68 for
EPFRs). Heavy metals were weakly correlated with the carbonaceous
species of PM3 5, however, the correlation of 14 HMs with PMy 5 were
comparable to those of the carbonaceous species with PM, s, indicating
the diverse sources of PMy 5 and the significant roles of both heavy
metals and carbonaceous species in PMj 5 pollution in Ulaanbaatar. The
emissions of the carbonaceous species would be greatly increased in the
cold seasons due to the excessive burning of solid fuels, therefore, the
carbonaceous species showed significant negative correlations with
temperature. In comparison, heavy metals were not correlated with
temperature, but were negatively correlated with relative humidity (r:
—0.38), which was partly attributable to the fact that dust events usually
occur in dry weather. The intercorrelations of EPFRs with PAHs and
heavy metals are further discussed in Section 3.3.

3.1.2. Seasonal variations of PAHs
Similar to OC, the PAHSs concentration was the lowest in summer and
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Fig. 2. Spearman correlation coefficients among different species in PMj 5, gaseous pollutants and meteorological parameters.

became much higher in the cold seasons, especially in winter, 2020.
Compared to the literature values, the concentration of PM; s-bound
PAHs in Ulaanbaatar in the study period was at a high level compared to
most other areas worldwide such as Beijing, China (305.91 ng m™>)
[23], Ceske Budejovice city, the Czech Republic (2.22 ng m~3) [24] and
Kanazawa, Japan (6.07 ngm™>) [25], but lower than some other
severely polluted areas such as Agra, India (2658 ng m~2) [26] and Giza,
Arabia (4342.30 ng m~3) [27]. Fig. 3 shows the mean concentrations as
well as molecular weight distributions of the 16 PAH monomers in the
five sampling periods. Phe, Pyr, and Flt were the three most abundant
PAHs in both winters (Fig. 3 and Table S1), which are typically emitted
from coal combustion and biomass burning [2]. The medium molecular
weight (MMW, 4 rings) PAHs therefore showed the highest percentage
in the two winters, followed by the low molecular weight (LMW, 2-3
rings) PAHs. Compared to the LMW and MMW PAHs, the high molecular

weight (HMW, 5-6 rings) PAHs are more closely related to vehicular
emission [2]. The HMW PAHs showed the highest percentage in summer
when the total PAH concentration was the lowest, which could be
attributable to the reduced PAH emissions from the heating activities
and the higher tendency of the LMW and MMW PAHs to partition into
the gas phase [2,21].

3.1.3. Seasonal variations of heavy metals

Different from the carbonaceous species, the total heavy metal con-
centration in PMj 5 in Ulaanbaatar was higher in spring and autumn
rather than winter, probably due to the more frequent occurrence of dust
events in spring and autumn [28]. However, the seasonal variation of
total heavy metal concentration was less significant as compared to that
of organic species such as PAHs and EPFRs, as shown in Fig. 1 and
Table 1. The concentrations of toxic heavy metals such as As, Cd, Cr, Mn,

Fig. 3. PAH profiles and molecular weight distributions in the five sampling periods (HMW: 5-6 rings, MMW:4 rings, LMW: 2-3 rings).
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Ni, and Pb often exceeded the limits set by the World Health Organi-
zation (WHO) and the European Commission (EC) during the five
sampling periods (Table S2), indicating a severe heavy metal pollution
in PMy5 in Ulaanbaatar all year round [36]. Fig. 4 shows the mean
concentrations of the 14 heavy metals in each and the whole sampling
periods. Fe was the most abundant metal (annual mean: 8796.4 ng m’3)
in PMy s, followed by Ba (annual mean: 595.6 ng m~%), Zn (annual
mean: 565.7 ng m~%) and Mn (annual mean: 281.8 ng m~3). As shown
in Fig. 4, the concentrations of Fe and Mn were the highest in spring,
which largely contributed to the elevated total concentration of Y 14
HMs in spring. Fe and Mn are typically abundant in soil dust [29],
therefore, their high concentrations in PMj 5 can be used to indicate the
high contribution of soil dust to PMj 5.

3.1.4. Seasonal variations of EPFRs

The EPFR concentration in PMys in Ulaanbaatar ranged from
2.2 x 10'2to 264.0 x 10'2 spins m ™ on a yearly basis, and the seasonal
variation trend was similar to that of OC and PAHs with winter
> autumn > spring > summer (Fig. 1 and Table 1). As shown in Fig. 5,
the EPFR mean concentration was the highest in winter, 2020 (121.5 x
10'2 spins m™%), around an order of magnitude higher than that in
summer (11.4 x 10'2 spins m~>), showing serious EPFR pollution in
PM, 5 in Ulaanbaatar due to the burning of solid fuels for heating.
Similarly, Ahmad et al. reported noticeably higher concentrations of
EPFRs in winter (1.2 x 104 spin m’s) than in summer (1.7 x 103 spin
m~3) in Lahore, Pakistan, attributing the concentration fluctuations to
changing weather conditions, industrial operations, and vehicular
emissions [43]. Although the formation of EPFRs under ambient con-
ditions could be facilitated with elevated temperature and solar radia-
tion in summer [7], the potential increase of secondary EPFRs in
summer was apparently overwhelmed by the significant increase of
EPFRs directly released from the enhanced emission sources in winter.

Fig. 5 also shows the seasonal variation of EPFR g-factor (Fig. 5¢) and
line width (Fig. 5d) during the sampling period. Previous studies have
reported that the g-factors of carbon-centered radicals (e.g., aromatic
hydrocarbon radicals) are less than 2.0030, while those of oxygen-
centered radicals (e.g., phenoxyl radicals) are larger than 2.0040 [30].
Generally, higher g-factors indicate the presence of more
oxygen-centered radicals [7]. As shown in Table 1, the mean values of
EPFR g-factors were all smaller than 2.0030 in each sampling period,
indicating the majority of carbon-centered free radicals in PMy 5 in
Ulaanbaatar. However, the g-factor was apparently higher in summer
(2.00298) than in other seasons, which could be attributed to the more
diverse sources of EPFRs in summer and particularly the enhanced
secondary formation of more oxygen-centered EPFRs [7,11]. It is
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interesting to note that the EPFR g-factor in winter, 2020 (2.00290) was
also higher than that in winter, 2021 (2.00281), which was probably due
to the intensified household coal or biomass burning in winter, 2020.
AHp.p can be used to indicate the species richness of EPFRs. The AH}, , of
EPFRs in PM, 5 in Ulaanbaatar was the smallest in winter (4.3 G in both
winters) and the largest in summer (5.2 G), suggesting a narrow range of
sources in winter and a greater variety of sources in summer [7]. Sun
et al. investigated the impact of domestic heating on EPFR pollution in a
northern Chinese city (Yuncheng), and reported similar temporal vari-
ations of AH),, with a smaller AHp.;, (5.5 G) in the heating period than
the non-heating period (5.7 G) [2].

3.1.5. Health risk assessment

The equivalent number of cigarettes (EQc;g) based on EPFR concen-
trations and the total carcinogenic (BaPtq) and mutagenic (BaPpeq)
equivalent concentrations of PAHs are used to evaluate the health risks
of PMj 5 in Ulaanbaatar. As shown in Table 1, the average EQcig during
the whole sampling period (2.2 person ™! day 1) was significantly higher
than the EPA standard (0.4 person_l day_l), with the highest in winter,
2020 (3.9 person’1 day’l) and the lowest in summer (0.4 persorf1
day’l). BaPieq and BaPpeq showed similar seasonal variations to EQg,
with an average of 42.2 ng m > and 46.7 ng m™° in the whole sampling
period, respectively. The significantly elevated EQcig, BaPteq, and BaPpeq
in the cold seasons again highlighted the serious PMj 5 pollution and the
associated high health risks in Ulaanbaatar due to the burning of solid
fuels for domestic heating.

The incremental lifetime cancer risks (ILCR) of PAHs and heavy
metals were also calculated to show the long-term health risks of PMj 5
in Ulaanbaatar (Table S3). According to the US EPA, an ILCR smaller
than 107° suggests an acceptable cancer risk and no further action is
required, an ILCR greater than 10~* suggests an unacceptably high
cancer risk, and an ILCR between 107 and 10~ indicates a potential
cancer risk [2,42]. The ILCR of all the carcinogenic pollutants investi-
gated in this study exceeded the threshold of 107°, and the order of
carcinogenic risks was As > Cr(VI) > 716 PAHs > Cd > Co > Pb > Ni.
In particular, the ILCR of As for adult male, adult female and children
were 149.7 x 1075, 141.9 x 1075, and 114.8 x 107%, respectively,
which were all above 10~* and indicated an unacceptably high carci-
nogenic risk of As in PM; 5 in Ulaanbaatar. Therefore, special attention
should be paid to the effective control of heavy metals in PM5 5 in this
region, particularly those with high carcinogenic risks such as As and Cr
(VD).

Fig. 4. Heavy metal profiles in PM; 5 in each and the whole sampling periods.
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Fig. 5. The spectra (a), concentration (b), g-factor (c), and line width (d) of EPFRs measured by EPR during the sampling periods in four seasons.

3.2. Source apportionment of PAHs, heavy metals and EPFRs shown in Fig. 6, the diagnostic ratios of PAHs in autumn and winter
overlap greatly, showing dominant contributions from the petroleum or

3.2.1. Diagnostic ratios of PAHs coal/biomass combustion processes. The diagnostic ratios of PAHs in
Multiple diagnostic ratios of PAHs were readily calculated to quali- summer were uniquely different from those of PAHs in other seasons.

tatively analyze the sources of PAHs in the five sampling periods [2]. As The Ant/(Ant+Phe) and Flt/(Flt+Pyr) ratios in summer were less than

Fig. 6. Multiple diagnostic ratios of PAHs in the five sampling periods (a, b, and c) and source contributions of PAHs in the whole study period resolved by PMF (d).
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0.1 and 0.4, respectively, indicating significant contributions of volatile
petrogenic sources [37,38]. In addition, the BaA/(BaA-+Chr) ratio was
generally greater than 0.35 and the IcdP/(IcdP+BghiP) ratio was less
than 0.5 in summer, designating petroleum combustion as another
important source of PAHs in summer [39]. Fig. 6d also shows the source
contributions of PAHs resolved by PMF on a yearly basis. Overall, the
qualitative source analysis results based on the diagnostic ratios of PAHs
were consistent with the source apportionment results by PMF, showing
coal and biomass combustion as well as vehicular emission as the major
sources of PAHs in PM, 5 in Ulaanbaatar. Details of the PMF results are
provided in Section 3.2.2.

The ratios of highly reactive PAHs to less reactive PAHs (such as Ant/
Phe, BaA/Chr and BaP/BeP) can be used to determine whether the
collected aerosols are fresh or aged, thus indicating the relative impor-
tance of local emissions versus regional transport [31,40]. Fig. 6¢ pre-
sents the variations of Ant/Phe and BaA/Chr in four seasons. The ratios
of Ant/Phe and BaA/Chr were relatively low in summer and increased in
the order of summer, spring, autumn and winter, indicating increased
contributions from local emission as the weather became colder. The
potential source regions of PM5 s in Ulaanbaatar in four seasons were
also analyzed by PSCF and shown in Fig. S1. Overall, the major source
areas that showed high WPSCF values were more distributed in the
surrounding areas in winter than in summer, which is consistent with
the diagnostic ratio results of PAHs shown in Fig. 6¢. While the adjacent
areas to the west of Ulaanbaatar were the major source regions of PAHs
in winter, the summertime PAHs can originate from the directions of
west, north or southeast. In addition to local emissions, long-distance
transport of PMj 5 also exerted a certain impact on PMj 5 pollution in
Ulaanbaatar, in which southern Russia and western Mongolia were
important source regions of significant impact.

3.2.2. Source apportionment by PMF

PAH monomers and metal elements could serve as effective source
tracers of PM; 5 and its components duo to their unique emission char-
acteristics from different sources and their stability in PMy 5 [1,2]. In
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this study, the 16 PAH monomers and 14 heavy metals were employed
as source tracers to apportion the sources of PAHs, heavy metals and
EPFRs respectively by PMF. The respective source profiles for PAHs,
heavy metals and EPFRs are presented in Figs. S2-S4. Four sources in
total were resolved by PMF, including fugitive dust, vehicular emission,
volatilization and industry, and coal and biomass combustion. The
rationale for source identification is provided in the supporting file (Text
52).

Fig. 7 shows the annual and seasonal source contributions of PAHs,
heavy metals and EPFRs in PM; 5 in Ulaanbaatar in the sampling period
of 2020-2021. According to the PMF calculation, the major sources of
PAHs, EPFRs, and heavy metals varied greatly in Ulaanbaatar. On a
yearly basis, coal and biomass combustion, vehicular emission, and
fugitive dust were the dominant sources of PAHs, EPFRs, and heavy
metals, respectively, accounting for 51.6 %, 56.4 %, and 58.0 % of the
total source contributions for each species, respectively. The contribu-
tion of coal and biomass combustion to PAHs in winter was significantly
higher than that in other seasons, particularly in the winter of 2020
(60.4 %), because coal as well as biomass was the main energy source
for heating in the cold seasons of Ulaanbaatar. Vehicular emission was
the second largest source to PAHs during the whole sampling period
(28.3 %), and its contribution was amplified and stood out in autumn
(46.2 %). Volatilization and industry became the dominant source of
PAHs in the warmer seasons of summer (51.5 %) and spring (39.8 %),
when the total PAH concentration was relatively low (Table 1). In
comparison, Sun et al. reported volatilization (32.5 %) and coal com-
bustion (47.5 %) as the dominant sources of PM; s-bound PAHs in a
northern city (Yuncheng) of China during the non-heating and heating
periods in winter, respectively [2].

Compared to PAHs that were largely derived from coal and biomass
combustion in Ulaanbaatar, the major source of EPFRs was vehicular
emission (56.4 %), followed by coal and biomass combustion (16.5 %),
fugitive dust (15.5 %), and volatilization and industry (11.6 %). It is
interesting to note that fugitive dust was the dominant source of EPFRs
in spring (52.3 %), indicating a potentially high health risk of dust

Fig. 7. Source contributions of PAHs, heavy metals and EPFRs in PM, 5 in Ulaanbaatar in the whole (a) and each (b) sampling periods.
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events. A previous study also reported elevated EPFR concentrations in
PM, 5 in Asian dust storms in spring, which contributed to the enhanced
oxidative stress of PMy 5 [12]. Although lower than in other seasons, the
EPFR concentration was still substantially high in summer (11.4 x 1012
spins m~3, Table 1), with major contributions from volatilization and
industry (40.4 %) and fugitive dust (35.0 %). Employing PAHs and
heavy metals as the source tracers of EPFRs, the calculated source
contributions by PMF virtually comprised both the contributions from
direct emissions and those of the subsequent secondary formation [2].
While the secondary formation of EPFRs could be diminished in the cold
seasons [32], secondary formation may pose significant impact on EPFR
pollution in summer.

Fugitive dust was straightly the dominant source of heavy metals in
PM, 5 in Ulaanbaatar all the year round, showing an overwhelming
contribution in spring (76.7 %) due to frequent dust events. Given the
high concentrations and significant health risks of heavy metals in
Ulaanbaatar as shown in Table 1 and Table S3, the effective control of
fugitive dust would be a promisingly efficient method in reducing PMy 5
as well as its health risks in Ulaanbaatar. In addition to dust, vehicular
emission was another important source of heavy metals in Ulaanbaatar,
highly contributing to the toxic and carcinogenic species including As,
Cd, and Pb (Fig. S3 and Fig. 7).

3.3. Intercorrelations of EPFRs with PAHs and heavy metals

PAHs and several metal oxides such as CuO, ZnO, and Fe;O3 have
been identified as important organic precursors and surface catalysts,
respectively, for EPFR formation through simulated combustion exper-
iments [9,14]. However, the interactions among PAHs, metals, and
EPFRs in the real atmosphere have been rarely proved in previous field
studies. Overall, EPFRs showed the highest correlation with OC (r: 0.79)
and ) 16 PAHs (1: 0.79), followed by that with EC (r: 0.68) and PMj 5 (1:
0.54), as shown in Fig. 2. Besides, the correlations between EPFRs and
the gaseous pollutants followed the order of SOy (r: 0.64) > NO, (r:
0.52) > CO (r: 0.42). In a recent study in Fairbanks, Alaska, a different
correlation pattern was observed between EPFRs and the related pol-
lutants, with a stronger correlation of EPFRs with EC (Rz: 0.79) than OC
(R% 0.64) and a stronger correlation of EPFRs with CO (R% 0.75) than
NO, (R% 0.63) or SO, (R% 0.43) [32]. Such difference could be
explained by the different source contributions of EPFRs in the two study
aeras: in addition to the common source of vehicular emission, coal and
biomass combustion contributed significantly to EPFRs in Ulaanbaatar
while the major source of EPFRs in Fairbanks, Alaska was the incomplete
combustion of residential wood burning [32].

While strong correlations between EPFRs and PAHs have been
observed in the current as well as previous field studies [2,32], EPFRs
were found to be weakly linked to Y14 HMs (1: 0.18), as shown in Fig. 2.
Since > 14 HMs was a composite of 14 heavy metals of distinctly
different natures and sources, the relationship of EPFRs and each heavy
metal was further investigated. Fig. 8 shows the Spearman correlation
coefficients of EPFRs with each heavy metal as well as PAH monomer in
PM, 5. Overall, EPFRs were significantly correlated with most PAHs,
with slightly stronger correlations with PAHs originating from vehicular
emission than with those from coal and biomass combustion. However,
the correlations of EPFRs with different heavy metals varied greatly. As
shown in Fig. 8, EPFRs were significantly correlated with Zn, Pb, Sb, Sn,
Tl as well as As and Cd, but weakly correlated with Fe, Mn, Ba, Co, Cr,
Cu, and Ni. It appears that heavy metals contained in soil dust, such as
Fe, Mn, Co and Ba, showed the least association with EPFRs. However,
EPFRs showed no preference with heavy metals originating from the
other three sources. Instead, the order of correlation strength between
EPFRs and the rest heavy metals seems to follow the order of oxidizing
strength of the corresponding metal cations, as indicated by their order
in the periodic table [14]. Based on a series of thermochemical reactions
of PAH derivatives catalyzed by various metal oxides, Yang et al. re-
ported that the catalyzing abilities of metal oxides for EPFR formation
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Fig. 8. Spearman correlation coefficients of EPFRs with PAHs and heavy metals
in PM, 5 in Ulaanbaatar. Contributions of different sources to each species are
marked in colors.

were in the order of ZnO > CuO > NiO, which was in accordance with
the order of correlation strength between EPFRs and the related heavy
metals in this field observation [14].

Previous laboratory simulation or field studies have shown that
EPFRs could be formed via either electron migration between PAHs and
transition metal oxides on particles formed during heating or combus-
tion [14,33], or through photochemical reactions of PAHs themselves
that may not be mediated by transition metals [34,35]. The strong
correlations of EPFRs with PAHs in this study also suggest that PAHs
may act as an important group of organic precursors for EPFR formation.
On the other hand, the significant correlations between EPFRs and
several heavy metals indicate that transition metals such as Zn, Pb, Sb,
Sn, Tl may also play an important role in the formation of EPFRs. The
dominant contribution of vehicles to EPFR pollution in PMys in
Ulaanbaatar could be due to the co-emissions of PAHs and specific heavy
metals in vehicular emission. Besides, those heavy metals that show
significant correlations with EPFRs may also catalyze the photochemical
formation of EPFRs under ambient conditions, as indicated by their
various sources that differ greatly from the sources of organic precursors
such as PAHs. Such hypothesis needs to be further confirmed by
photochemical simulation experiments that employ proper organic
precursors and transition metal oxides such as those suggested in this
study.

4. Conclusions and environmental implications

The use of coal for household heating in Ulaanbaatar particularly in
the Ger area has led to extreme air pollution problems. In the study
period in 2020-2021, Ulaanbaatar was severely polluted with PM; 5 in
most seasons except for summer, with the mean PM; 5 concentration
over 150 pg m~>. The toxic organic pollutants such as PAHs showed
elevated concentrations in the cold seasons as a result of the domestic
heating activities, highlighting the urgent demand of clean energy for
heating. Moreover, in the context of climate change and the more
frequent occurrence of dust events, metal elements that are highly
associated with dusts would exert significant health effects on local
residents. Therefore, special attention should also be paid to the effec-
tive control of heavy metals in PMys, such as As and Cr(VI) that
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exhibited high carcinogenic risks. Similar to the case in Ulaanbaatar,
many areas worldwide are suffering from severe air pollution resulted
from solid fuel burning as well as dust events, and the results of this
study would be of direction implications for local actions regarding air
quality improvement and health risk reduction.

Different from PAHs and heavy metals, vehicular emission was the
major source of EPFRs in Ulaanbaatar (56.4 %), followed by coal and
biomass combustion (16.5 %), fugitive dust (15.5 %), and volatilization
and industry (11.6 %). EPFRs were highly correlated with most PAHs,
particularly those from vehicular emission. Besides, EPFRs were signif-
icantly correlated with Zn, Pb, Sb, Sn, T1 as well as As and Cd, but weakly
correlated with metal elements that were dominantly contained in soil
dust. According to the intercorrelations of EPFRs with PAHs and heavy
metals from different sources, the dominant contribution of vehicular
emission to EPFR pollution in PMy 5 in Ulaanbaatar could be largely
attributed to the co-emissions of PAHs and specific heavy metals in
vehicular emission. It should be noted that it is virtually difficult to
explore the mechanistic details of the interactions between EPFRs and
other pollutants merely through field observation and correlation
analysis. Well designed orthogonal experiments employing proper
organic precursors and transition metal oxides are needed to mecha-
nistically explore the interactions among PAHs, metals, and EPFRs in the
atmosphere and the resulting health impact. Interdisciplinary ap-
proaches that could incorporate atmospheric chemistry, toxicology, and
public health studies are encouraged to broaden the understanding of
EPFR dynamics.

Environmental Implication

Many areas worldwide are still heavily dependent on solid fuels for
domestic heating, releasing large amounts of PM; 5 and the associated
toxic pollutants. This study simultaneously investigated the character-
istics, health risks and sources of PAHs, heavy metals and EPFRs in
Ulaanbaatar, Mongolia, which is one of the coldest and most polluted
capital cities in the world. This comprehensive study of PAHs, heavy
metals and EPFRs in PMj 5 further provides direct evidence on the in-
tercorrelations of the three toxic species and elucidates the effects of
different PAHs and heavy metals on EPFR formation.
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