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Abstract: Secondary organic carbon (SOC) formation and its effects on human health
require better understanding in Chinese megacities characterized by a severe particulate
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pollution and robust economic reform. This study investigated organic carbon (OC) and
elemental carbon (EC) in PM2s and PMoas collected 820 March 2012. Samples were
collected inside and outside a classroom in a middle school at Xi’an. On average, OC and
EC accounted for 20%—-30% of the particulate matter (PM) mass concentration. By applying
the EC-tracer method, SOC’s contribution to OC in both PM size fractions was demonstrated.
The observed changes in SOC:OC ratios can be attributed to variations in the primary
production processes, the photochemical reactions, the intensity of free radicals, and the
meteorological conditions. Total carbon (TC) source apportionment by formula derivation
showed that coal combustion, motor vehicle exhaust, and secondary formation were the
major sources of carbonaceous aerosol. Coal combustion appeared to be the largest
contributor to TC (50%), followed by motor vehicle exhaust (25%) and SOC (18%) in both
size fractions.

Keywords: OC and EC; SOC formation; very fine particles (VFP); TC sources; indoor and
outdoor; school; Xi’an; China

1. Introduction

Organic carbon (OC) and elemental carbon (EC) are the major components of ambient atmospheric
aerosols that originate from natural and anthropogenic combustion sources. Total carbon (i.e., the sum of
OC and EC or carbonaceous aerosol) contribution to the mean China urban aerosol mass ranges from
20% to 50% in both fine and coarse fractions [1-15]. OC and EC have long been studied to investigate
their effects on the regional climate, air quality, and visibility in China [16-18]. However, these
indicators are of concern owing to their possible adverse effects on human health, as several studies have
supported a positive correlation between exposure to OC or EC and the exacerbation of cardiopulmonary
diseases or the increase of daily mortality [19-22].

EC is a primary product emitted from combustion processes and OC exists in two forms: (i) Primary
OC (POC), which is directly emitted into the atmosphere either from fossil fuel combustion by
industries, road transportation, and the residential sector or by biomass burning; and (ii) secondary OC
(SOC), which is formed through atmospheric oxidation of volatile organic compounds (VOCs) and
gas-to-particle conversion processes. Huang et al. showed that the severe haze pollution events during
winters in China were generally caused by secondary aerosol formation, which contributed 30%—77% of
PMas (particulate matter with aerodynamic diameters < 2.5 pm) and 44%—71% of organic aerosols [23].
The estimation of the sources and concentrations of SOC is therefore crucial to understand the formation
mechanisms of haze and assess its related health effects. However, there is currently no direct analysis
method available to separate and quantify POC from SOC in aerosols [24].

Indirect quantitative methods can be summarized as follows:

1. The tracer methods: (i) The widely-accepted EC-tracer method uses EC to trace any primary
sources and calculate the primary OC in ambient samples given the OC/EC ratio provided from primary
emissions and ambient OC and EC concentration data [24]; and (ii) the secondary organic aerosol
(SOA)-tracer method identifies a series of tracer compounds in SOA based on chamber experiments.
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Ratios of these tracers to SOA or SOC obtained from the chamber simulation are used to estimate SOA
or SOC from different precursors using literature data of measured tracers in ambient samples [25].

2. The chemical transport models: (i) Reactive chemical transport models are used for predicting
the concentrations of POC and SOC. This model includes emission, dispersion, and chemical
transformation of gaseous and particulate OC [26,27]; and (ii) non-reactive transport models are used to
estimate POC first, then SOC is calculated at ambient monitoring sites by subtracting the model POC
from the measured OC [28].

3. Joint approaches: They include approaches such as the EC-tracer method combined with
radiocarbon (**C) analysis [29], radiocarbon analysis with chemical mass balance (CMB) [30], and the
direct estimation of SOC with input of secondary species when applying the positive matrix
factorization (PMF) model [31]. Last, aerosol mass spectrometry (AMS) is an advanced approach
providing high time resolution [32].

Xi’an, the largest urban area in northwest China, is located in the middle of the Central Shaanxi Plain
on the Yellow River and has a population of more than eight million. The city suffers from severe local
and regional air pollution problems caused by rapid Chinese economic development over the past two
decades. A total of 1741 elementary and secondary schools were recorded in 2012, including 962,000
students aged from 6 to 18 [33]. On average, over the school year period (holidays excluded), students
spend 30%—-50% of their time at school. Children are especially vulnerable to air pollutants because their
respiratory systems are not fully developed yet [34,35]. Many studies have demonstrated that elevated
particulate matter (PM) concentrations in classrooms may have a significant adverse effect on children’s
health and performance [36,37]. However, there are only a limited number of studies concerning the
chemical properties (e.g., OC and EC) of PM in school environments in China [38—40].This study
therefore aims to (i) characterize the indoor and outdoor OC and EC concentrations in PM2.5s and PMo.25
(PM with aerodynamic diameters < 0.25 pm) in Xi’an during the end of winter 2012 at a middle school;
(1) investigate SOC mass contribution to OC and the SOC sources; and (iii) apportion TC contributions
from coal combustion, motor vehicle exhaust, secondary formation, and other primary emissions.
Outputs from this study may lead to better understanding about the SOC formation mechanisms of
different size particles outdoors and indoors in Chinese cities experiencing serious PM pollution and to
establishing source emission control strategies for particulate matter, especially for carbonaceous aerosol.

2. Materials and Methods
2.1. Site Description

The targeted middle school is located approximately 5 km south of Xi’an city center, in a commercial
and residential area. The school environment was not under the direct influence of any industrial
emissions, nor traffic as the closest main road is more than 300 m away. Indoor sampling was set up in a
classroom located on the second floor, about 8 m above ground level. It was occupied by the same
30 students, aged between 12 and 14, from Monday to Friday, 8:00 am to 12:00 am and 1:30 pm to
5:30 pm local time. Indoor samplers were located in the back of the classroom and their inlets were set
up 1.2 m above the ground. The same instrumental package was set up outdoors, at the end of the
corridor passing alongside the surveyed classroom, about 6 m away from the indoor sampling site. The
location of the outdoor sampling site was defined to account for the ambient air inside the school
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environment and not for the air from the street. The classroom was ventilated manually using two large
windows, each 1.8 X 1.5 m in size, located on both sides of the classroom. One side was connected to a
small street and the other one to the inner corridor. Windows remained opened during school hours but
were closed after school and during the weekends.

2.2. PM Sample Collection

PMa2.s and PMo.2s were synchronously sampled on pre-fired (780 °C, 3 h) 47 mm Whatman quartz
microfiber filters (QM/A, Whatman Inc., UK) indoors and outdoors during the period 820 March 2012
over 24-h period from 8:00 am local time onwards. Daily PM2s samples were continuously collected
using mini-volume air samplers (Airmetrics, OR, USA) at a flow rate of 5 L-min'. Daily PMo.25 samples
were collected from the last particle size stage of a Sioutas Personal Cascade Impactor (SKC Inc.,
Fullerton, CA, USA) operating at 9 L-min ™. Particles whose diameter is equal to or lower than 0.25 pm
are hereafter either defined as PMo.2s or very fine particles (VFP). Their collection was controlled by an
electrical timer, which allowed both indoor and outdoor sampling to run for 30 min every hour to avoid
overloading, that is, 12 h for every 24 h. Twenty-six indoor and 26 outdoor samples were collected in
total, excluding field blanks for this study.

2.3. PM Gravimetric and Chemical Analysis

PM samples were weighed on a Sartorius ME 5-F electronic microbalance (sensitivity +1 g,
Sartorius, Germany) before and after sampling, after equilibration for 24 h at 20-23 °C and 35%—45% of
relative humidity, in order to determine mass concentrations. The absolute errors between duplicate
weights were less than 0.015 mg for blank filters and 0.020 mg for samples. The exposed quartz fiber
filters were stored in a refrigerator at <—4 °C prior to chemical analysis to prevent evaporation of
volatile components.

OC and EC were analyzed for each sample from a 0.5 cm? punch using a Desert Research Institute
(DRI) Model 2001 Thermal/Optical Carbon Analyzer (Atmoslytic Inc., Calabasas, CA, USA) following
the IMPROVE A (Interagency Monitoring of Protected Visual Environment) thermal/optical
reflectance (TOR) protocol. The method provided data following four OC fractions (OC1, OC2, OC3,
and OC4 in a non-oxidizing Helium (He) atmosphere at 140 °C, 280 °C, 480 °C, and 580 °C,
respectively), one OP fraction (a pyrolyzed carbon fraction, obtained in an oxidizing atmosphere and
determined when the reflected laser light reaches its original intensity) and three EC fractions (EC1,
EC2m and EC3 in an oxidizing atmosphere of 2% Oz in a balance of 98% He at 580 °C, 780 °C, and
840 °C, respectively). The IMPROVE A protocol defines TC as OC + EC, OC as OC1 + OC2 + OC3 +
OC4 + OP, and EC as EC1 + EC2 + EC3 — OP. The detailed determination procedures of OC, EC, and
the QA/QC can be viewed in Chow et al. [41,42] and Cao et al. [8].

3. Results and Discussion
3.1. OC and EC Concentrations in PM>.5 and PMo.25

The indoor and outdoor PM25 and PMo .25 mass concentrations are summarized in Table 1. PMa25 and
PMo.s indoor concentrations averaged 141.8 + 42.5 and 53.5 + 22.9 pg'm>, while the outdoor
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concentrations averaged 167.8 £ 58.6 and 49.1 + 17.3 ug-m >, respectively. The PMo.2s/PM2 .5 mass ratios
over 24 h averaged 37.8%, ranging from 25.1% to 59.3% indoors, and averaged 29.3%, ranging from
23.0% to 41.2% outdoors. PMo.2s/PM2.s mass ratios hence appear to be nearly 9% higher indoors than
outdoors. The indoor-to-outdoor ratio (I/O) ranged from 0.7 to 1.1 (averaged 0.8) for PMzs, and from 0.5
to 1.6 (averaged 1.1) for PMo.s. This suggests not only that the contribution of PMo.2s to PMz2s is higher
indoors, but also that there are more PMo.2s indoors than outdoors. Specific sources of PMo.2s mass in the
classroom may originate from students and/or teachers, such as coughing, sneezing, usage of cleaning
products, and smoking [43—48]. A bias may have been created by the input of PMo.2s coming from the
street via a window, while the outdoor sampling site located within the school was less affected.

Table 1. PM2.5s and PMo.2s mass concentrations inside the classroom and outdoors during the
sampling period in Xi’an, China.

Site PM:s (ug-rm™) PMo.2s (ug'm™>) PMo.2s/PMa.s (%)
Concentration® N’  Concentration® N? Average Range
Indoor 141.8 +42.5 13 53.5+229 13 37.8 25.1-59.3
Outdoor 167.8 £ 58.6 13 49.1+173 13 293 23.0-41.2
/0 0.8 13 1.1 13 1.3 /

a Values represent average + standard deviation; ® Number of sample; ¢ Indoor to outdoor ratio.

Descriptive statistics of TC, OC, and EC concentrations in PM25 and PMo.2s in the indoor and
outdoor environments of the classroom are summarized in Table 2. The average TC, OC, and EC
concentrations in PM2s were 30.5 £ 9.5, 22.5 £ 6.6, and 7.9+3.0 pug'm™ indoors, and 33.7 + 13.8,
24.9 £ 9.8, and 8.8 + 4.2 pg-m > outdoors, respectively. As for the VFP fraction, TC, OC, and EC were
found to be 15.8 + 4.8, 12.1 + 3.5, and 3.6 + 1.4 ug'm> indoors, and 14.5 + 3.8, 11.0 = 2.7, and
3.6 £ 1.2 pg'm™> outdoors, respectively. OC concentrations were in general 2.0 + 0.5 times higher than
EC (Table 2 and Figure 1). The PMo.2s/PMazs ratios were similar for TC, OC, and EC in mass (0.4 to
0.5), which were higher than the proportions in mass of PMo.2s in PM2s, suggesting that TC, OC, and
EC are inclined to accumulate in the smaller particles. As also shown in Table 2, for indoors, TC, OC,
and EC accounted for on average 21.5%, 15.9%, and 5.6% of PM2.s mass loading, and 29.4%, 22.6%,
and 6.8% of PMo2s mass loading, respectively; corresponding for outdoors, TC, OC, and EC
accounted for on average 20.1%, 14.8%, and 5.3% of PMz.s mass loading, and 29.6%, 22.5%, and
7.3% of PMo.2s mass loading, respectively. These also showed that TC, OC, and EC tend to concentrate
in finer particle fraction (PMo.s), consistent with previous studies [3,13,49].

Table 2. The concentrations of OC and EC in PM2.s and PMo .25 inside the classroom and outdoors.

Site TC (pg'rm) OC (ug'm>) EC (ug'm3)
PM2s? PMo.s? Ratio ® PM2s? PMo2s® Ratio® PMas? PMj2s* Ratio?
Indoor 30.5+9.5 15.8+4.8 0.5 225+6.6 12.1+£3.5 0.5 79+30 36+14 0.5

C/PM (%)° 21.5 29.4 1.4 15.9 22.6 1.4 5.6 6.8 1.2
Outdoor  33.7+13.8 14.5+3.8 0.4 249+£98 11.0+£2.7 0.4 88+42 36+1.2 0.4
C/PM (%)° 20.1 29.6 1.5 14.8 22.5 1.5 5.3 7.3 14

2 Values represent average + standard deviation; ® PMgs to PM, s ratio; ¢ Percentage of carbonaceous aerosol

concentration to PM mass concentration.
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Figure 1. Time variations of OC and EC concentrations in PM2s and PMo.2s inside
the classroom (left one of a couple of bars) and outdoors (right one of a couple of bars) in
Xi’an, 2012.

Figure 1 shows the temporal variations of OC and EC over the study period. OC appears highly
correlated with EC indoors and outdoors, in both PM2.s and PMo.s (see more details in Section 3.2.2.).
OC and EC concentrations varied significantly with time, ranging in PMa2.s from 12.0 to 43.0 pg-m™> for
OC, and from 2.6 to 16.0 pg-m > for EC. In PMo.2s, OC ranged from 6.5 to 16.2 ug'-m > and EC from 1.6
to 5.9 ug'm>. OC and EC concentrations were slightly higher during the weekdays than weekends due
to the increase in traffic volume and congestion on weekdays. However, the “weekend effect” was offset
by the relatively long distance (300 m) between the sampling site and the closest road. Moreover, Xi’an
has a formal heating season from 15 November to 15 March. OC and EC concentrations significantly
decreased in the post-heating period of observation—typically by 40% to 50%. The highest numbers,
displayed on 16 March, can be explained by the stable meteorological conditions on that day, a possible
“hysteresis effect” on particle diffusion, or a delay in turning off the heating system.

3.2. Identification of SOC and Its Sources
3.2.1. Ratios of OC to EC

The OC-to-EC ratio (OC/EC) has been used to determine the emission and transformation
characteristics of carbonaceous aerosols. OC/EC exceeding 2.0 indicates the presence of SOA or
SOC [50]. The frequency histogram of OC/EC ratios in PM2s5 and PMo.s inside the classroom and
outdoors are shown in Figure 2. For each aerosol size fraction, either collected indoors or outdoors, the
OC/EC values were higher than 2.0, thus suggesting the presence of SOA or SOC. OC/EC ratios were
compared for PM2.s and PMo.2s in Table 3. The highest ratio was recorded on 9 March, with 6.7 in PMo.2s
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indoors. As shown in Figure 2, the highest frequency of OC/EC ratios was observed in the subsection of

2.5 to 3.0, with the counts of 18. The following one was between 3.0 and 3.5.
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Figure 2. Frequency histogram of OC-to-EC ratios (OC/EC) in PM2.s and PMo.2s inside the

classroom and outdoors.

Table 3. SOC concentrations in PM2s and PMo.2s inside the classroom and outdoors,

estimated from the EC-tracer method.

Site OC/EC (OC/EC)min? SOC (ug'm™) SOC/OC (%)
PMzs PMozs PMas  PMoas PMas PMoas PM:s PMo.25

Indoor 3.0 3.6 2.2 2.7 54 2.2 254 19.3

Outdoor 3.0 33 2.1 2.3 6.4 3.1 27.7 28.2

Average 3.0 3.5 2.1 2.5 5.9 2.6 26.6 23.8

2 Minimum of OC to EC ratio.

Literature data suggested that average OC/EC ratios of 2.7 characterize coal combustion, with 1.1 for
motor vehicle exhaust [51] and 9.0 for biomass burning [52] (Figure 3). In China, the available OC/EC
ratios in PMas for cities such as Guangzhou [3] and Hong Kong [3,7] showed relatively low values (i.e.,

2.0 and 2.7, respectively) which suggests the predominant contribution of motor vehicle emissions. High

OC/EC ratios (3.2) in the present study point to coal combustion emissions as the main contributor to

winter carbonaceous aerosol levels in Xi’an.
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Figure 3. OC-to-EC ratios (OC/EC) in PM2 s and PMo.»s inside the classroom and outdoors.
3.2.2. Relationship between OC and EC

Evidence of SOA can be inferred not only from the OC/EC ratio, but also from the absolute carbon
concentration. OC and EC correlations are useful for identifying periods of significant secondary
formation [24]. The regressions between OC and EC concentrations in PM2s and PMo.s inside the
classroom and outdoors are shown in Figure 3, along with data from literature [51,52]. All OC/EC ratio
data points in this study are displayed between motor vehicle exhaust and biomass burning linear
regressions for both PMz.s and PMo.2s, which reflect the combined contributions from coal combustion,
motor vehicle exhaust, and biomass burning emissions. High correlation coefficients (R) of 0.93 indoors
and 0.95 outdoors were found between OC and EC in PMas. R values were slightly lower in PMo.2s,
suggesting a clearer source signature for PM2.s than for PMo.2s.

According to linear regressions relating OC to EC in Figure 3, two origins of OC can be
deduced—one from the intercept when EC is negligible and the other as directly correlated to EC. In the
latter case, SOA formation is negligible, thus the intercept is an aggregate of non-combustion sources
(e.g., biogenic OC), and can be used to represent the primary component [24]. The slopes and intercept
of OC versus EC inside the classroom were 2.0 and 6.4 for PM2.s and 2.2 and 4.0 for PMo.2s, compared to
those outdoors, 2.2 and 5.4 for PM2.s and 1.8 and 4.7 for PMo.s (Figure 3), implying that OC primary
non-combustion emissions in PM2.5s were higher than those in PMo.2s. The differences may be ascribed to
variation of source contributions to two different particle size fractions. For example, biogenic and
crustal sources generate relatively larger particles and as a result contribute more to PM2.s OC.

3.2.3. Estimation of SOC from the EC-Tracer Method

EC is predominantly emitted by incomplete combustion of fuels, and has stable chemical properties.
Therefore, EC is a good tracer of primary anthropogenic pollutants and it has been used to estimate the
concentrations of SOC, as mentioned in the introduction. The EC-tracer method is simple and
straightforward, and provided that there are available measurements of OC and EC. SOC is estimated
following Equation (1) [24,53]:
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SOC = OCot — POC = OCrot — EC X (OC/EC)min (1)

where OCiot is the total amount of OC in the aerosol sample and (OC/EC)min is the minimum ratio
observed during the whole sampling period.

The fraction of SOC in OCtot is shown in Table 3 and the distribution of SOC/OC (%) is illustrated in
Figure 4. Estimated SOC accounted for 25.4% indoors and 27.7% outdoors of OC in PMzs, and 19.3%
and 28.2% of OC in PMo.s, indoors and outdoors, respectively. SOC production mainly depends on the
emission rate and chemical reactivity of SOC precursors, the latter being controlled by meteorological
factors such as solar radiation (given that the reactant species and their concentration are constant in the
reaction) [54]. Interestingly, the SOC proportion was higher outdoors than indoors for both size
fractions, which might be due to the occurrence of photochemical reactions outdoors. Generally, walls
and windows reduce sunlight in buildings, and consequently photochemical formation of SOC at
indoors [55,56]. This is supported in this study by the fact that the average PMo2s indoor SOC
percentage was found to be the lowest.

The average contribution of SOC to OC in the entire dataset is comparable for PM2.s (26.6%) and
PMo.s (23.8%), both indoors and outdoors (Table 3). But the attempt to discriminate indoors from
outdoors leads to interesting observations. Indoors, the higher PM2.s SOC proportion could be due to the
relatively high concentration of precursors, which can be correlated with students’ perspiration and use
of detergents. Outdoors, the SOC to OC ratio appeared to be similar between PM2.s and PMo.2s, possibly
due to two distinct reasons: (1) PMas is primarily derived from direct high-temperature combustion
processes emissions and complex atmospheric chemical reactions of gas-phase precursors [57,58]; and
(i1) most of PMo.2s is generated from gas-to-particle transformation reactions in the atmosphere [59]. In
addition, PMo.2s remain suspended for longer periods and can thus be transported over longer distances
in the ambient air than PM2 s, leading to more opportunities for OC in PMo.s to age [12,48] and produce
SOC. As an illustration, the higher average percentage of SOC/OC in our dataset was found in PMo.2s
outdoors (28.2%), that is, the size fraction in the source environment where aerosols probably
experience the longest residence time and the lowest contributions from primary emissions.

Figure 4 shows the SOC-to-OC ratio (%) indoors and outdoors for the two size fractions in this study.
Daily PMo2s SOC/OC indoors varied by a factor of 19.0, ranging from 3.1% to 59.2%, followed by a factor
of 4.7 for PM2s indoors. SOC/OC was affected due to household cleaning product usage. Household
cleaning products are an important source of indoor air pollution [60]. VOCs emitted from cleaning agents
can react rapidly with indoor ozone, resulting in formation of secondary pollutants such as reactive radicals
and SOA [60]. Once the cleaning product dispersed over the classroom, SOC/OC reached a relatively high
level. In most schools in China, the students clean the classroom by themselves. In this school, the task was
achieved every Monday, that is, on March 12th and 19th, as provided by classroom occupancy and activity
records. The usage of household cleaning products generated more PMo2s SOC than PM2s SOC,
suggesting a predominant contribution of secondary rather than primary formation aerosols [3]. SOC, POC,
and EC accounted for 18.1%, 56.6%, and 25.3% of TC on average in this study, respectively. The sum of
these latter numbers shows that more than three quarters of TC in northern China’s urban atmosphere in
March may originate from primary emissions. Previous studies [4,7] that worked out the seasonal
variations of SOC showed that summer was the worst period of the year, and that southern cities may suffer
generally higher levels of SOC than those in the north of China. This underlines an urgent need for better
understanding about SOC sources and variations, especially in East Asia.
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Figure 4. Box plots of SOC/OC (%) in PM2.s and PMo.s inside the classroom and outdoors.

3.3. Source of Carbonaceous Aerosol
3.3.1. OC and EC Relationship between Indoors and Outdoors

The correlation coefficient between indoor and outdoor data has been used as an indicator of the
consistency of the source between indoors and outdoors, and the degree to which PM or its chemical
compositions indoors can be attributed to infiltration from outdoors [61-65]. The relationships between
indoor and outdoor OC and EC concentrations are shown in Figure 5. The coefficient (R) of
determination between indoors and outdoors for OC and EC concentrations ranged between 0.70 and
0.91, suggesting a relatively high infiltration rate into the classroom, probably resulting from frequent

exchanges of air.
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Figure 5. Indoor and outdoor comparisons of OC and EC mass concentrations in PM2.s and PMo.s.

The indoor OC and EC concentrations in PMa2s were strongly correlated with the corresponding
outdoor concentrations, displaying R values of 0.90 and 0.91, respectively. This suggests that these
carbonaceous aerosols mainly originate from an outdoor environment. As for PMo.2s, fair indoor versus
outdoor correlations of OC (R =0.70) and EC (R =0.71) concentrations were observed. This implies that
indoor OC and EC in PMo.s were derived, at least in part, from outdoor air. This further reveals that
some indoor sources may contribute to the PMo.2s fraction, almost exclusively, such as student coughing
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or sneezing, usage of cleaning products in the classroom, teaching activities (e.g., usage of chalk) [39],
and smoking in or nearby the classroom. Moreover, for EC, there were better correlations between
indoors and outdoors for both PM2.5s and PMo.2s than for OC, which was consistent with results reported
by Ho et al. [62] and Jones et al. [64]. Huang et al. [66] concluded that the majority of EC came from
outdoors, mostly due to motor vehicle emissions.

3.3.2. Distribution of OC and EC Eight Fractions

Thermal carbon fractions of OC and EC are different according to the type of sources [67—69]. The
fractions have been used for source apportionment analysis of carbonaceous aerosols [5,8,70,71].
Different carbon fractions in coal combustion, biomass burning (maize residue) and motor vehicle
exhaust (highway with heavy traffic) source samples were studied by Cao et al. [5]. OC2, EC1, and EC2
can be considered as the markers of coal combustion, gasoline motor vehicle exhaust, and diesel motor
vehicle exhaust, respectively [4,5,67,71].
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Figure 6. Percentage variations of OC and EC eight fractions in PM2.5s and PMo.2s inside the
classroom and outdoors.

The respective contribution of the eight thermal carbon fractions to TC in PMz.5 and PMo.2s, indoors
and outdoors, are shown in Figure 6. OC2, OC3, OC4, and EC1-OP dominate. The relatively low levels
of EC2 and EC3 in the samples may be due to the relatively long distance from the direct emissions of
running vehicles; some motor vehicle control policy implementation may also be considered, such as
the “Government Circular on Strengthening Management of the Motor Vehicle Traffic in Xi’an City.”
Diesel vehicles, especially trucks, were banned in Xi’an in 2007 within the second ring road from 7:00
am to 10:00 pm and important traffic regulations are in place on the second ring road during rush hour.
The most abundant species—OC2, OC3, OC4, and EC1 (EC1-OP+OP)—displayed different variation
trends in PM2.s compared to PMo.s, but no significant differences between indoors and outdoors could
be observed for the same particle size fraction. The contributions of OC2 and OC3 in TC increased from
22.0% and 17.9% in PM2.5 to 25.3% and 23.1% in PMo.25; meanwhile, OC4 in TC decreased from 24.6%
in PMa2s compared to 15.2% in PMo2s. EC1 in PMa2s and PMo.2s compared to TC in the same size
fractions were similar (32.6%-34.3%). These variations possibly reflected increased contributions from
primary coal combustion emissions and probable secondary formation from PMas to PMoas. It also
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suggested that the contributions from gasoline-fuel motor vehicle exhaust and the corresponding
secondary formation to PM2.s and PMo.2s were consistent.

3.3.3. Source Apportionment of TC

A previous study in Xi’an concluded that during winter, TC was produced from gasoline exhaust
(44%), coal burning (44%), biomass burning (9%), and diesel exhaust (3%) [5]. Thus, assuming in the
present study that the contributions from biomass burning and diesel exhaust on EC were minimal, we
considered coal combustion and motor vehicle exhaust as the main contributors. According to Cao ef al. 8],
their average percent contributions to EC, calculated via the '*C-EC isotope mass balance approach,
were 53% for coal combustion and 47% for motor vehicle exhaust. As mentioned, Watson ef al. [51]
reported an OC/EC ratio of 2.7 for coal combustion (CC) and 1.1 for motor vehicle exhaust (MV), which
we express in Equations (2) and (3):

(OC/EC)cc =2.7 (2)
(OC/EC)mv = 1.1 (3)

The fraction of primary OC from coal combustion (POCcc) and motor vehicle exhaust (POCwmv) can
then be expressed as Equations (4) and (5):

POCcc = 2.7 x ECcc = 2.7 % (53% x EC) = 2.7 X 53% x 7.9 pg-m™> = 11.3 pg-m”> )
POCMv = 1.1 x ECmv = 1.1 x (47% x EC) = 1.1 x 47% x 7.9 pgm™ = 4.1 pg'm”> )

where the average EC concentration is 7.9 pg'm™> in indoor PM2s, ECcc refers to EC from coal
combustion, and ECwmv refers to EC from motor vehicle exhaust. POC concentration can be written as
the sum of POCcc, POCwmv, and primary OC from other sources (POCothers). POCothers, containing POC
from marine, soil, and biogenic emissions, can be estimated from Equation (6):

POCothers = POC — (POCcc + POCwmv) (6)

where the average POC concentration was 17.1 pg'm™ in indoor PM2.s. We used this information and
Equation (6) to calculate POCothers and found POCothers was equal to 1.7 pg-m ™ in indoor PM2s. The
respective contributions to TC of CC, MV, other primary sources, and SOC can finally be calculated
from Equation (7):

TC = OC + EC = POC + SOC + EC = (POCcc + POCmy + POCothers) + SOC +

7
(ECcc + ECmv) = (POCcc + ECcc) + (POCmv +ECmv) + POCothers + SOC ™

where SOC concentration is 5.4 pg'm™ in indoor PM2s, (POCcc + ECcc) refers to TC from
coal combustion, and (POCmv + ECwmv) refers to TC from motor vehicle exhaust. As a result, the
average concentrations in PMzs inside the classroom attributed to coal combustion, motor vehicle
exhaust, other primary sources, and SOC and calculated from Equation (7) were 15.5, 7.8, 1.7, and
5.4 ug'm3, respectively.

Similarly, we estimated the relative contributions to TC of the four main sources mentioned for the
three other combinations (Figure 7). On average, the results pointed out that coal combustion was the
largest contributor (48.7%), followed by motor vehicle exhaust (24.4%) and SOC (18.0%), underlining
that coal combustion was a dominant source of TC in Xi’an, late in the heating season for both indoors
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and outdoors. Moreover, coal combustion was estimated to emit more than half of the PMz.s TC, which
was 5% higher than that of PMo.2s. The OC2 fraction variations reflected that SOC formation related to
coal combustion emissions was elevated in PMo.s. TC originating from motor vehicle exhaust ranged
from 22.9% to 25.7%, implying relatively constant inputs from this source, consistent with the variations
of ECI mentioned before. It should be noted that TC emitted from other primary sources in PMo.2s
indoor was significantly higher than in other combinations. The value found for indoor PMo.s (17.8%)
suggested that there were other VFP sources existing in the classroom, which was also supported, earlier
in this article, by the OC and EC relationships between indoors and outdoors.

17.8% 19.0%
51.3%
50.9%

5.6% 4.2%

25.7% 25.5%

PM,  indoor TC=305 pgm? . Coal combustion  pry o idoor TC=33.7 pg m?
=== Motor vehicle exhaust
== QOther primary sources

14.1% SOC
21.2% 47.3%
45.2%

17.8%
8.2%

22.9% 23.3%

PM, ,5 indoor TC=15.8 pg m-3 PM,,; outdoor TC=14.5 pg m3

Figure 7. Relative contributions from different sources to TC in PM2.s and PMos inside the
classroom and outdoors.

4. Conclusions

Daily PM2.s and PMo.2s samples collected from 8 to 20 March 2012, inside and outside a classroom in
a middle school at Xi’an, China, were used to feature OC and EC according to two different particle size
fractions and to identify SOC by various methods in order to understand the SOC formation pathways
and the source apportionment of TC. OC and EC constituted significant fractions of PM in atmosphere,
as they accounted for 20.8% and 29.5% of PMa2.s and PMo.2s mass concentrations, respectively. High
OC/EC ratios (3.2), compared to other cities in China, underlined that coal combustion emissions were
the most important emission source of elevated carbonaceous aerosol levels in Xi’an. Based on the
EC-tracer method, SOC accounted for 25.4% and 27.7% of OC for PM2.s indoors and outdoors, and
19.3% and 28.2% of OC for PMo.25s indoors and outdoors, respectively. The SOC-to-OC ratios indoors
and outdoors were comparable between PM2.s and PMo.s, which is consistent with higher levels outside
the classroom than inside, and might result from outdoor photochemical reactions, as well as from EC
primary emissions in outdoor combustion sources. High OC and EC correlations of PMa2.s and PMo.s
indicated a similar origin of OC and EC; similarly, a decent relationship between the indoor and outdoor
OC and EC concentrations suggested relatively good ventilation in the classroom, and suggested that the
highest composition of indoor carbonaceous aerosols could be attributed to outdoor PM permeation.

TC source apportionment by formula derivation showed that coal combustion, motor vehicle exhaust,
other primary sources, and secondary formation were the major sources of carbonaceous sources in the
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present study. The contribution of coal combustion to PMo.2s displayed a lower value (46.3%) than to
PM2s (51.1%), while motor vehicle exhaust contribution was similar (approximately 25%) for both
particle sizes. Interestingly, contributions from other primary sources increased from 5.6% in indoor
PMa;s to 17.8% in indoor PMo.as, pointing out the existence of special indoor VFP sources such as
students coughing, sneezing, usage of cleaning products, teaching activities, smoking, and so on.
Overall, carbonaceous aerosols were characterized as a major component in PM2 s and more importantly
in PMo.s. PMo.2s are expected to be one of the major components influencing regional atmospheric
chemistry and climate change in China. Our results therefore suggested that the importance of reducing
carbonaceous aerosols in the atmosphere requires more control to enhance the policies of coal
combustion and motor vehicle exhaust emissions, in addition to controlling secondary production of
organic compounds from OC through their gaseous precursors.
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