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ABSTRACT

A study of carbonaceous aerosol was initiated in Nanchang, a
city in eastern China, for the first time. Daily and diurnal
(daytime and nighttime) PM, 5 (particulate matter with aero-
dynamic diameter <2.5 pm) samples were collected at an
outdoor site and in three different indoor environments
(common office, special printing and copying office, and
student dormitory) in a campus of Nanchang University
during summer 2009 (5-20 June). Daily PM;, (particulate
matter with aerodynamic diameter <10 pm) samples were
collected only at the outdoor site, whereas PM, s samples
were collected at both indoor and outdoor sites. Loaded
PM, s and PM; samples were analyzed for organic and ele-
mental cartbon (OC, EC) by thermal/optical reflectance fol-
lowing the Interagency Monitoring of Protected Visual
Environments—Advanced (IMPROVE-A) protocol. Ambient
mass concentrations of PM;o and PM, 5 in Nanchang were
compared with the air quality standards in China and the
United States, and revealed high air pollution levels in
Nanchang. PM, s accounted for about 70% of PM;, but the
ratio of OC and EC in PM, 5 to that in PM; was higher than
80%, which indicated that OC and EC were mainly

IMPLICATIONS

Ambient PM, 5 and PM;q in Nanchang showed serious pol-
lution levels. OC and EC were mainly distributed in the fine
particle fraction. Interestingly, daytime and nighttime carbo-
naceous aerosol and SOC and SOC/OC values were com-
pared and indicated that OC was released and formed more
rapidly in daytime. From analysis of the distribution of OC
and EC, indoor-outdoor correlation, OC-EC correlation, and
the relative contributions of indoor and outdoor sources to
indoor carbonaceous aerosol, we confirmed the presence of
indoor OC sources and limited indoor EC sources. Carbon
fractions in emissions from the printer and copier showed
obviously high OC1 and OC2 contributions and low
EC1—-OP percentages. The study contributes a significant
reference for the control of indoor carbonaceous sources.

1262 Journal of the Air & Waste Management Association

distributed in the fine particles. The variations of carbonac-
eous aerosol between daytime and nighttime indicated that
OC was released and formed more rapidly in daytime than in
nighttime. OC/EC ratios were used to quantify secondary
organic carbon (SOC). The differences in SOC and SOC/OC
between daytime and nighttime were useful in interpreting
the secondary formation mechanism. The results of (1) OC
and EC contributions to PM, 5 at indoor sites and the out-
door site; (2) indoor-outdoor correlation of OC and EC; (3)
OC-EC correlation; and (4) relative contributions of indoor
and outdoor sources to indoor carbonaceous aerosol indi-
cated that OC indoor sources existed in indoor sites, with
the highest OC emissions in 12 (the special printing and
copying office), and that indoor EC originated from outdoor
sources. The distributions of eight carbon fractions in emis-
sions from the printer and copier showed obviously high
OC1 (>20%) and OC2 (~30%), and obviously low EC1-OP
(a pyrolyzed carbon fraction) (<10%), when compared with
other sources.

INTRODUCTION

Previous studies have indicated that aerosol particles with
diameters smaller than 10 pm increase the risk of morbidity
and mortality due to respiratory illness, cardiovascular dis-
ease, and cancer, because they can be inhaled into the
lungs.'~® In recent decades, fine particles (particulate mat-
ter with aerodynamic diameter <2.5 pwm, PM,;;s) have
received much greater attention than coarse particles (par-
ticulate matter with aerodynamic diameter <10 pm,
PM,),° ' as fine particles can penetrate more deeply into
the human lung, even as far as the alveolus, and fine parti-
cles also have much greater effects on visibility, environ-
ment, radiation intensity, and climate than coarse
particles.'"1?

Adverse health, environmental, and climatic effects of
fine particles are constitutionally derived from their chemi-
cal components and properties.'® Carbonaceous aerosol,
mostly comprising organic carbon (OC) and elemental car-
bon (EC), constitutes a major fraction of particulate matter
in the atmosphere.!*'” EC is essentially a primary

Volume 61 November 2011



Downloaded by [Institute of Earth Environment] at 19:56 25 September 2012

pollutant, emitted directly during combustion processes,
and is the dominant light-absorbing species in the atmo-
sphere, playing an important role in aerosol climatic for-
cing.'®!” OC has both a primary and a secondary origin.
Primary OC is emitted in particulate form, whereas second-
ary OC is formed in the atmosphere through volatile
organic compound gas-to-particle conversion processes.?’
OC is an effective light scatterer and may contribute sig-
nificantly to both visibility degradation and direct aerosol
climatic forcing.'®'? Many organic compounds, including
hundreds to thousands of different types of organic species,
are potential mutagens or carcinogens and pose significant
human health risks.?! It is therefore of great importance to
understand the concentrations, distributions, and sources
of carbonaceous species in ambient and indoor particles.
Since the 1980s, the economy in China have experi-
enced rapid development. This economic development is
bringing increasingly evident and severe environmental
problems in China, of which air pollution is one of the
most serious. During recent routine environmental mon-
itoring, it was found that aerosol particulate matter has
become a serious air pollutant, and has even showed more
rapid growth than SO, and NO,, pollutants in most Chinese
cities. Presently, studies on PM, s have only been per-
formed in several large cities, such as Guangzhou,
Shenzhen, Beijing, Shanghai, etc.,®%?7?” although long-
term studies on the chemical components of PM, 5 in the
these cities are still limited. However, according to routine
measurements, the particulate matter levels in some
moderate-sized or even small cities are also very high (and
may sometimes exceed the national air quality standard
limit). Therefore, it is important to determine the charac-
teristics of these particles, especially those of the fine
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particles, in different Chinese cities, in order to establish
effective particulate pollution control measures.

Nanchang city is the capital city of Jiangxi province,
situated adjacent to the Yangtze River Delta region, Pearl
River Delta region, and Fujian province southeast eco-
nomic region. The city is an intermediate stop on the rail-
way from Beijing to Hong Kong. Nanchang is located in the
mid to north part of Jiangxi province, close to the middle to
lower reaches of Yangtze River. Over the last decade,
China’s economic development, especially southern and
eastern provinces’ economic development, has led to the
transfer of relatively more industrial pollution to
Nanchang. Economic and industrial development, popula-
tion, and motor vehicle usage have all increased rapidly in
Nanchang, causing quite severe air pollution. From envir-
onmental monitoring data summaries, it was found that
the dominant atmospheric pollutant since 2005 has been
inhaled particles.

The main objectives of this study are (1) to determine
the major carbonaceous aerosol (OC and EC) in PM; 5 and
PM;o, and to determine the ratio of PM,s to PM;q in
Nanchang city; (2) to examine the temporal variations of
carbonaceous aerosol; and (3) to explore sources in terms of
indoor/outdoor relationships and the eight carbon fractions.

EXPERIMENTAL PROCEDURES
Sampling Sites

Nanchang (115°27'-116°35’ E, 28°10’-28°11’ N) is the capi-
tal city of Jiangxi province, located in eastern China. One
outdoor site and three indoor sites were selected in
Nanchang University, in the west of Nanchang city
(Figure 1). The outdoor site was located on the rooftop
(about 15 m above the ground) of a building on the
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Figure 1. Location of sampling sites.
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Qianhu campus of Nanchang University, representing
urban residential-commercial-traffic mixed communities
in Nanchang city. A highway runs 100 m from the west of
the site, and roads run alongside the campus at distances of
200 m (east) and 500 m (south) from the site. Of the three
indoor sites, the first (Site 1) was a common office room,
the second (Site 12) was a special printing and copying
office room, and the third (Site I3) was a student dormitory
room. During sampling, the three indoor sites were under
natural ventilation. Windows and doors at Sites I1 and I3
were often opened in the daytime during occupation and
were then closed at night when unoccupied. Meanwhile,
windows at Site 12 were always closed, and the door to this
room was open in daytime and closed at night. Although
natural ventilation rates at the three indoor sites were not
measured, the air circulation rate at Site 12 was thought to
be lower than that at the other two indoor sites, because the
windows at Site I2 were always closed. Other characteristics
of the sampling sites are given in Table 1. Air temperature at
the outdoor site was 5~10 C° higher than that at the indoor
sites. The prevailing wind direction during the sampling
period was from the south, and the average wind speed was
1.4 m/sec.

Sample Collection
A monitoring program for indoor/outdoor PM, 5 and out-
door PM;y was conducted from 5 to 20 June 2009 (summer).
Numbers of samples and sampling times are shown in
Table 2. Totally, 33 samples of PM, 5 were collected at both
the outdoor and indoor sites, and 7 samples of PM;, were
collected at the outdoor site using Airmetrics minivolume
portable samplers (Airmetrics, Eugene, OR, USA). The flow

rate of the samplers is 5 L min~'. Twenty-four-hour

Tahle 1. Characteristics of indoor and outdoor sampling locations.

sampling were collected for PM, s and PM;, samples at the
ambient site and for PM, 5 samples at indoor sites, except
five PM; 5 samples at the ambient site and five PM; s sam-
ples at one indoor site (Site I1), which were 12-hr sampling
with three collected at night (sampling from 7:00 p.m. to
07:00 a.m.) and two during the day (sampling from 07:00
a.m. to 7:00 p.m.) (see Table 2). For limited samplers, PM; s
and PM; (24-hr) at outdoor site O1 and PM, 5 samplers (24-
hr) atindoor site I3 were collected simultaneously from 13 to
19 June. PM; 5 samplers (12-hr) at outdoor site O1 and at
indoor site 11 were collected from 5 to 7 June, simulta-
neously. PM; s samplers (24-hr) at outdoor site O1 and at
indoor site 12 were collected on 9 June, simultaneously.
PM,; s samplers (24-hr) at indoor sites I1 and 12 were col-
lected simultaneously from 10 to 12 June. Two blank sam-
ples were also collected. All samples were collected on 47-
mm Whatman quartz microfiber filters. The filters were pre-
heated before sampling at 800 °C for 3 hrs. After collection,
loaded filters were stored in a refrigerator at about 4 °C
before weighing and chemical analysis. The indoor sam-
pling height was about 1.3 m above ground, in order to
simulate the breathing zone and to avoid potential interfer-
ence from the excessive resuspension of particles.

Measurement of PM, ;5 and Quality Control
PM; 5 mass was determined gravimetrically using an elec-
tronic microbalance with a 1 pg sensitivity (Mettler M3,
Zurich, Switzerland) in the Institute of Earth Environment,
Chinese Academy of Sciences (CAS). Each filter was
weighed after being equilibrated for 24-hr in silica gel desic-
cators at a constant (within £2 °C) temperature between 20
and 23 °C and controlled relative humidity (40%). Each
filter was weighed three times before and after the

Site Site Location Indoor Sources Height from Ground (m) Floor Size (m?) Build Year
01 Platform of Huanjin Building — 15 5 —_ 2004
il Room 211 of Huanjin Building (common office room) Computer; human activities 3 2 24 2004
12 Room 228 of Huanjin Building (special printing Printer; photocopier 3 2 40 2004
and copying office room)
13 Room 332 of No. 30 student dormitory building Furniture; human activities 6 3 36 2004
Table 2. Number of samplers and sampling time in the bracket.
No. of Samplers (Sampling Period)
PM
29 PM; 5 PM;q

Night (12-Hr Sampling from 7:00

Site Location p.m. to 07:00 a.m.)

Day (12-Hr Sampling from 07:00

a.m. to 7:00 p.m.) 24-Hr (Daily)

01 Platform (outdoor) 3 (57 June 2009)
1 Common office (indoor) 3 (57 June 2009)
12 Special printing and copying —

office (indoor)
13 Student dormitory (indoor) —

2 (57 June 2009) 1 (9 June 2009) 7 (13-19 7 (13-19 June
June 2009) 2009)
2 (57 June 2009) 3 (10-12 June 2009) —
— 1 (9 June 2009) 3 (10-12 —
June 2009)

— 6 (13—19 June 2009) —
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sampling. The average values were used. Mass concentra-
tions of PM, 5 were obtained by subtracting the initial mass
of the blank filter from the final mass of the sampled filter
and dividing the difference by the total volume of air pas-
sing through the filter. The precision of mass measure-
ments before and after sampling, based on replicate
weighing, was 15 ng and 20 pg per filter, respectively; filters
were reweighed if the difference between the replicate
weighing was out of that range.

Analysis of OC/EC and Quality Control

All loaded filters were analyzed for OC/EC using a Desert
Research Institute (DRI, Reno, NV, USA) model 2001 ther-
mal/optical carbon analyzer (Atmoslytic Inc., Calabasas, CA,
USA) in the Institute of Earth Environment, CAS, following
the Interagency Monitoring of PROtected Visual
Environments—Advanced (IMPROVE-A) thermal/optical
reflectance (TOR) protocol.?® The protocol heats a
0.526-cm? punch aliquot of a sample quartz filter stepwise
at temperatures of 140 °C for OC1, 280 °C for OC2, 480 °C
for OC3, and 580 °C for OC4 in a He carrier gas and at 580 °C
for EC1, 740 °C for EC2, and 840 °C for EC3 in a 98% He/2%
O2 carrier gas. OP is a pyrolyzed carbon fraction determined
when reflected or transmitted laser light attained its original
intensity after oxygen was added to the analysis atmosphere.
IMPROVE-A OC is operationally defined as OC1 + OC2 +
OC3 4 OC4 + OP and EC is defined as EC1 + EC2 + EC3 —
OP. Interlaboratory comparisons of IMPROVE-A with the
DRI model 2001 instrument using the TMO (thermal man-
ganese dioxide oxidation) method carried out by AtmAA
have shown good agreement. Two blank filters were also
analyzed and the sample results were corrected by the aver-
age of the blank concentrations.

RESULTS AND DISCUSSION

Ambient PM, ; and PM,, and Carbon Components
in Nanchang

The average 24-hr ambient (outdoor) PM; 5 and PM;, mass

concentrations are listed in Table 3. The averages mass

Huang et al.

concentrations of PM, 5 and PM;, over the summer study
period were 83.4 and 132.6 ug m >, respectively. Two PM;
daily mass concentration values exceeded class II of the
China National Air Quality Standard (150 pg/m?®), and all
PM, 5 daily mass concentration values exceeded the limit of
National Ambient Air Quality Standards (NAAQS) of the
United States in 2006 (35 ug/m?®), reflecting serious PM
pollution in Nanchang.

Table 3 reveals that the average ratio of PM; s to PM;q
by mass was 68.9%, ranging from 59.5% to 79.5%; the ratio
of OC in PM, 5 to OC in PM;, was 84.2%, ranging from
71.0% to 96.3%; and the ratio of EC in PM; 5 to EC in PMo
was 79.2%, ranging from 63.5% to 91.2%. These results
clearly indicate that carbonaceous aerosol in Nanchang
was mainly distributed in the fine particles, especially for
OC.

The outdoor OC and EC concentrations in this study
were compared with recent studies in other cities in China
(Table 4). The OC and EC concentrations at Nanchang have
the same concentration levels as Guangzhou, but higher
than Hong Kong, Shenzhen, Zhuhai, and Shanghai. This
indicates the severity of the pollution of carbonaceous par-
ticles in the Nanchang urban environment.

Comparison between PM, 5, OC, and EC Levels

during Day and Night
Figure 2 shows the variations of PM, 5, OC, and EC con-
centrations during the day (about 07:00 a.m. to 7:00 p.m.)
and night (about 7:00 p.m. to 07:00 a.m.). It was found that
the concentrations of PM, s, OC, and EC were higher at
night than that during the day, for both indoor and out-
door environments, except that on 7 June. This result was
mainly attributed to variations in the MLD (mixing layer
depth) between night and day. According to Chou et al.,?®
the nighttime MLD is half (or even less than half) that in
the daytime. However, the values of PM; 5, OC, and EC at
night were not twice the daytime values, because of higher
OC emission and secondary formation during the day than
that during the night.

Table 3. PM, 5 and PM,, mass, carbonaceous species concentration, and PM, s/PM ratio.

Sampling Time Item Mass (ug m—3) 0C (pg m3) EC (ng m—3)
13 June 2009 PM;q 130.5 16.6 7.4
PMy 5 82.7 15.4 5.9
14 June 2009 PM;o 155.2 20.9 7.3
PMy 5 923 20.1 4.0
15 June 2009 PM;o 163.2 21.9 7.6
PMy.s 104 155 6.2
16 June 2009 PM;q 73.7 13.6 5.1
PM, 5 53.8 12.6 43
17 June 2009 PM;o 91.6 18.1 59
PM, 72.8 14.4 53
18 June 2009 PM;o 116.7 18 7.1
PM, 5 88.9 15.5 6.2
18 June 2009 PM;o 116.7 15.2 7.1
PMy 5 89.3 108 47
Average PM;q 132.6 17.8 6.6
PM, 5 83.4 14.9 53
PMy 5/PM1, 68.9% (59.5~79.5%) 84.2% (71.0~96.3%) 79.2% (63.5~91.2%)
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Table 4. Comparison of OC, EC, SOC, and their ratios in this study with other cities in China.

City Site Site Type Time PM Mass n 0C EC 0C/EC S0C S0C/0C Reference

Nanchang NCU Mixing® June 2009 (summer) PMz 5 83.4 7 14.9 53 2.8 5.0 0.31 This study
PM;, 1234 7 17.8 6.6 2.7 5.2 0.28

HongKong PU Roadside June-July 2002 (summer) PM, 5 401 10 6.3 3.9 1.7 2.0 0.33 Cao etal.?®
PMyo 40.8 10 7.4 47 1.6 1.7 0.24

Guangzhou AV Mixing June—=July 2002 (summer) PMz.5 66.3 10 13.1 4.6 2.8 8.0 0.62
PMyo 1027 10 17.8 5.9 3.0 10.8 0.59

Shenzhen LH Mixing June—July 2002 (summer) PM, 5 471 10 7.6 4.2 1.8 3.0 0.42
PMyo 751 10 10.4 5.0 21 4.4 0.44

Zhuhai XZ Mixing June—July 2002 (summer) PM2 5 31.0 9 5.4 1.9 29 3.4 0.60
PMyo 44.0 9 6.9 25 2.7 3.8 0.51

Beijing CAMS Mixing August 2003 (summer) PM, 5 90.6 15 19.7 6.7 3.0 7.5 0.37 Chan et al.*®
PM,,  166.6 15 25.6 8.7 3.0 8.4 0.32

Shanghai /B Mixing July 2006 (summer) PM, 5 50.2 7.2 1.9 34 2.0 0.14 Feng et al.®

Note: Particulates in the site were affected by mixing sources including vehicular emission, emission from fuel combustion of plants and resident, smoke of biomass burning,

and construction business, etc.
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Figure 2. Semidiurnal (daytime and nighttime) PM, s, OC, and EC levels at (a) Site O1 (outdoor); (b) Site 11 (indoor).

Based on the daytime and nighttime concentrations of
OC and EC at the two sites (O1 and I1) (Table 5), daytime
and nighttime secondary organic carbon (SOC) levels were
estimated and compared. Ratios of OC to EC have been
used to imply the origin of carbonaceous particles and to
identify secondary organic carbon (SOC) formation.'* OC/
EC ratios provided further evidence for the presence of
SOC. For PM, 5 at Site O1, average OC/EC ratios were 4.0
(night) and 4.8 (day), and for PM; s at Site I1, average OC/
EC ratios were 3.6 (night) and 5.3 (day). SOC concentra-
tions were estimated by the minimum OC/EC ratio
method,?*3! and are given in Table 5 together with OC/
EC and SOC/OC ratios. Estimated SOC levels for PM; 5 at
Site O1 were 11.4 pg m > (night) and 14.1 ug m > (day),
constituting 42.3% and 59.7% of the corresponding OC
concentrations, respectively. At Site I1, estimated SOC
levels for PM, s were 12.5 pg m > (night) and 16.7 ug m >
(day), constituting 45.6% and 64.0% of the corresponding
OC concentrations, respectively. It was thus found that
SOC represented a significant fraction (40~60%) of the

1266 Journal of the Air & Waste Management Association

total OC in Nanchang city, reflecting abundant secondary
aerosols formation within the city. In addition, SOC con-
centrations and SOC/OC ratios were found to be higher
during the day than during the night, which indicated
that SOC formed more rapidly during the day. From
Figure 3, the temperature in daytime is higher than that
in nighttime. It is believed that the high temperature dur-
ing the day provided more favorable conditions for photo-
chemical activities and SOC formation.

Indoor-Outdoor Distributions of OC and EC
Concentrations, and OC and EC Contributions to
PM; 5
The concentrations of OC and EC in PM, 5 were compared
between the two sites sampled simultaneously. Figure 4a
compares OC and EC at Site O1 (outdoor) and Site I1
(indoor, common office), and Figure 3b, ¢, d compare OC
and EC at Sites O1 and I2 (indoor, printing and copying
office), Sites O1 and I3 (indoor, student dormitory room),
and Sites I1 and 12, respectively. The spatial distributions of

Volume 61 November 2011
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Table 5. Comparison of 0C/EC, SOC, and SOC/OC between daytime and nighttime.

0C/EC SOC (pg m3) $0c/0c

PM, 5 at Site 01 (nighttime) 4.0 11.4 42.3%
PM, 5 at Site 01 (daytime) 4.8 14.1 59.7%
PM, 5 at Site I1 (nighttime) 3.6 12.5 45.6%
PM, 5 at Site I1 (daytime) 5.3 16.7 64.0%

OC and EC in PM; s at different indoor sites and at the
outdoor site are shown (Figure 4), and reveal that higher
concentrations of OC were observed indoors than outdoors
(I2 > 11 > O1, I3 > 01), but for EC, higher concentrations
were observed outdoors than indoors (O1>11 >12, O1 > 13),
which reflected the significant indoor OC sources but lim-
ited indoor EC sources at all indoor sites. It is considered
that EC is primarily derived from outdoor sources.'®'?
Vehicular emission, emission from fuel combustion of
plants and resident, and smoke of biomass burning are
the major EC emission from outdoor. The spatial distribu-
tions of EC were consistent within this study. EC at Sites I1,
12, and I3 were mainly from the indoor penetration of out-
door air. The spatial distribution of OC in this study

(a)
35

30 ¢
25 ¢
20
15 -

10 -

Temperature(C)

Huang et al.

implied evident indoor OC sources. Indoor sources respon-
sible for the relatively high indoor OC levels included three
photocopiers, three printers, and three computers plus
associated indoor activities at Site 12; two computers, one
printer, and associated indoor activities at Site I1; and two
computers, furniture, and student activities at Site I3.

Figure 5 shows OC and EC contributions to PM, 5 at
Sites O1, 11, 12, and 13. EC contributions to PM, s at all four
sites showed no obvious differences, being 6.3%
(5.2 pg/m?), 6.4% (4.8 ng/m?), 4.5% (4.6 wg/m?), and 4.3%
5.0 pLg/m3) at Sites O1, I1, 12, and I3, respectively. EC is
predominately originated from outdoor primary combus-
tion sources. However, the contributions of OC showed sig-
nificant differences among the four sites, with 12 (42.3%)
(44.1 pg/m®) > I3 (22.3%) (26.1 ug/m?® > 11 (18.4%)
(15.6 pg/m>) > O1 (17.9%) (14.9 pg/m>). The highest con-
tribution of OC, at Site 12 (exceeding 40%), was mainly due
to indoor OC sources (printers and copiers)

Indoor-Outdoor Correlation of OC and EC
Correlations between the indoor and outdoor measure-
ments indicate the degree to which outdoor PM, 5 contri-
butes to levels indoors. Figure 6a show indoor-outdoor
relationships for OC and EC between Site O1 (outdoor)
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Figure 3. Temperature records of Nanchang city: (a) monthly average temperature in 2009; (b) daily average temperature during sampling period.
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and Site I1 (indoor), with five 12-hr samples collected
simultaneously at the two sites from 5 to 7 July (Table 2).
Figure 6b show indoor-outdoor relationships between Site
O1 (outdoor) and Site I3 (indoor), with six 24-hr samples
collected simultaneously at the two sites from 13 to 19 July.
Good indoor—outdoor correlations were observed for OC
between Sites O1 and I1 (R* = 0.7577) and between Sites O1
and I3 (R? = 0.8161), as well as strong indoor-outdoor
correlations for EC between Sites O1 and I1 (R? = 0.9345)
and between Sites O1 and I3 (R* = 0.8606). These relation-
ships indicate similar source contributions to the indoor
and outdoor carbonaceous particles, but that the source
characteristics of OC were more complex than those of
EC. From the indoor-outdoor relationship, it was also
found that indoor EC almost entirely originated from out-
door air penetration, as was discussed above, whereas
indoor OC was mainly affected by outdoor air penetration
but also partly by indoor sources. These results are consis-
tent with those reported by Jones et al.,>*> Na and Cocker,'?

and Cao et al.,*® who found that EC is mostly formed
outdoors.

OC-EC Correlation
Because EC is predominately emitted from combustion
sources, it has often been used as a tracer of primary OC.3*
The origin of carbonaceous particles can be estimated on
the basis of the relationship between OC and EC. To assess
the origin of carbonaceous particles measured in indoor
environments, the regression between OC and EC concen-
trations is shown in Figure 7. OC-EC correlation (R* =
0.3794) at Site O1 was weak. It was thought that SOC at
Site O1 (Table 5), accounting for about half of OC there, led
to weak OC-EC correlation at the site. Meanwhile, the OC-
EC correlation was weak at Site 11 (R* = 0.3512), uncorre-
lated at Site I2 (R? = 0.0121), and moderate at Site I3 (R* =
0.554). It is considered that the weaker the OC-EC correla-
tion, the greater difference between OC and EC sources in
the indoor environment. Thus it can be seen that the

60
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Figure 7. OC-EC correlations at Sites O1, I1, 12, and 13.
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difference between OC and EC sources was greatest at Site
12, indicating that a high proportion of OC in the 12 indoor
environment was from indoor sources (printers and cop-
iers), and that the remaining OC and most EC was from
outdoor sources. Weak OC-EC correlation indicated that
part of the OC in the I1 indoor environment was from
indoor sources (computers and printers), with the remain-
ing OC and EC in I1 being from outdoor sources.

When EC concentrations were used as independent
variables in the regression equation for OC concentrations,
the corresponding OC intercepts at Sites I1, I2, and I3 were
8.42, 42.8 and 1.64, as shown in Figure 7. Each intercept
roughly reflects OC concentrations that originate exclu-
sively from indoor sources, because the intercept is the
OC concentration when EC concentration is zero, thus
representing the OC concentration when the contribution
of outdoor sources is zero. A greater intercept indicates a
greater contribution to OC from indoor sources. The order
of indoor source contribution was 12 (printers and copiers)
> I1 (computers and printer) > I3 (computer and students
activities). This result for OC intercept is consistent with
the OC-EC correlation discussed earlier in this section.

Distributions of Eight Carbon Fractions
One of the unique features of the IMPROVE TOR protocol is
that it does not advance from one temperature to the next
until a well-defined carbon peak has evolved.'*3® Carbon
abundances in each of these fractions differ by carbon
source.>®3” The average percentages of the eight carbon
fractions at the four sampling sites are shown in Figure 8.
The average abundances of OC1, OC2, OC3, OC4, OP,
EC1-0P, EC2, and EC3 were 9.8%, 18.9%, 27.6%, 11.5%,
9.8%, 20.0%, 2.4%, and 0.0% at Site O1 (outdoor), 6.9%,
23.7%, 24.0%, 14.3%, 5.4%, 22.8%, 2.8%, and 0.1% at Site
I1 (indoor), and 5.9%, 22.8%, 27.5%, 19.6%, 6.2%, 16.9%,
1.0%, and 0.1% at Site I3 (indoor), respectively. The average
abundances of the eight carbon fractions at Sites O1, I1,
and I3 were similar. However, the eight carbon profiles at
Site 12 (special printing and copying office) were noticeably
different (the average abundances of OC1, OC2, OC3, OC4,

30% — —0— — O1(Outdoor)

- - -u--- |[1(Common office)
—=aA— [2(Printer office)
— - % - — |3(Student dormitory)

)
N
o

X
T
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OC1 0OC2 O0OC3 O0OC4 OP EC1- EC2 EC3
OP

Figure 8. Average percentage of total carbon contributed by eight
carbon fractions in PM 5 for different sites.
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OP, EC1-0OP, EC2, and EC3 were 24.1%, 29.1%, 21.2%,
10.9%, 5.2%, 8.3%, 1.0%, and 0.2%). In previous sections,
it was concluded that there were obvious indoor OC
sources from printers and copiers at Site 12. Thus to a certain
extent, the eight carbon fractions (real line in Figure 8)
represent the character of OC emission sources from prin-
ters and copiers. There were clearly high fractions of OC1
(>20%) and OC2 (~30%), lower fractions of OC3 and OC4,
and low fractions of EC1-OP (<10%), when compared with
outdoor sources (Site O1) or other indoor sources (Sites 11,
I3). Considering that part of the OC at Site 12 is also from
outdoor source penetration, further research on printer and
copier OC sources should be conducted.

Relative Contributions of Indoor and Outdoor
Sources to Indoor Carbonaceous Aerosol

As discussed in the above sections, it was deduced that there
were indoor sources for carbonaceous aerosol at all three
indoor sampling sites, and especially at Site I2. A simple
model®? has been used to differentiate the relative contribu-
tions of indoor emissions and the outdoor-to-indoor pene-
tration of carbonaceous particles, as shown in eq 1:

TCin = OCin + ECin
= (0C;p = OCout) + OCy + (ECi, — ECout) + ECqye (1)
= Ocin-real + OCout-pen + ECin-real + ECout-pen,

where TC;, is indoor total carbon (TC) concentration, OC;,
and EC;, are the indoor OC and EC concentrations, OCg
and EC,; are the outdoor OC and EC concentrations, OC;,.
real and ECip_jea1 are the real indoor OC and EC emissions,
and OCoy¢.pen and ECqyt.pen are outdoor-to-indoor penetra-
tion of OC and EC, respectively.

The model was based on two hypotheses: (1) when
indoor OC was higher than outdoor OC, the difference
between indoor OC and outdoor OC originated from
indoor emission sources, without considering sedimenta-
tion of OC transportation and penetration processes from
outdoors to indoors; (2) when indoor EC was higher than
outdoor EC, the difference between indoor EC and outdoor
EC was attributed to indoor EC emission sources, otherwise
it was assumed that indoor EC emission sources equaled
zero and that all indoor EC was from outdoor penetration.

By using the above model, indoor sources and indoor—
outdoor penetration contributions to indoor TC at the
three indoor sampling sites were estimated (Figure 9).
ECin-rea1 Values were estimated to be zero at all three sites,
because no indoor EC values were higher than the outdoor
EC. Contributions of OCj.rea;, OCout-pen, and ECoutpen t0
TC at Site I1 (Figure 9a) were estimated to be 4%, 77%, and
19%, respectively; contributions of OCip.rea;, OCout-pen, and
ECout-pen to TC at Site 12 (Figure 9b) were estimated to be
59%, 30%, and 11%, respectively, and contributions of
OCineay OCoutepeny and ECquppen to TC at Site 13
(Figure 9c) were estimated to be 36%, 47%, and 17%,
respectively. From the above estimated relative contribu-
tion results, it was found that at Site 12, relative contribu-
tions of real indoor OC emissions to indoor TC were
highest (59%), even higher than the relative contributions
of indoor-outdoor penetration to indoor TC (30%),
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indicating that the indoor OC source emissions were high-
est at this site, consistent with the results in previous sec-
tions (above). Meanwhile, the relative contributions of real
indoor OC emissions to indoor TC at Site I1 (4%) and Site 13
(36%) were both lower than the relative contributions of
indoor-outdoor penetration to indoor TC (77% and 47% at
Sites I1 and 13, respectively); these results suggest that there
are indoor OC emission sources at Sites I1 and I3, but that
indoor-outdoor penetration contributed much more
strongly to indoor OC. In addition, the relative contribu-
tions of indoor-outdoor penetration to indoor EC at Sites
I1, 12, and I3 showed no obvious differences, being 19%,
11%, and 17%, respectively, indicating EC sources were
similar at these sites. These estimates provide a preliminary
indication of indoor and outdoor carbonaceous contribu-
tions to indoor TC, and further research is needed for a
more detailed discussion.

CONCLUSIONS

Both PM; s and PM; o samples were collected at one outdoor
site, whereas PM, 5 samples were collected at three indoor
sites in Nanchang city during summer 2009. The average
ratio of PM; 5/PM;, mass was about 70% in Nanchang, and
the ratio of OC and EC in PM; 5 to that in PM;, was higher
than 80%, indicating OC and EC was mainly distributed in
the fine particles.

From comparisons between sites with simultaneous
sample collection, the spatial distribution of OC and EC
concentration was found to be higher indoors than out-
doors for OC, but higher in outdoors than indoors for EC,
indicating there are indoor OC sources but little or no
indoor EC sources. The indoor-outdoor relationship for
OC and EC further indicated significant indoor OC sources,
and that indoor-outdoor penetration mainly affected
indoor OC at Sites I1 and I3, and that EC was originated
from indoor-outdoor penetration.

A weak OC-EC relationship was observed at outdoor
site O1, attributed to SOC at Site O1 (Table 5), accounting
for about half of OC of there. Meanwhile, the OC-EC corre-
lation was weak at Site 11, uncorrelated at Site 12, and mod-
erate at Site I3, indicating that a high proportion of OC at I2
was from indoor sources (printers and copiers), that part of
the OC at I1 was from indoor sources (computers and prin-
ters), and that OC from indoor sources at I3 (student dormi-
tory room) was lower than that at Sites 12 and I1. Discussion
of the intercepts of the OC-EC correlation also indicated the
order of indoor OC sources was 12 > I1 > I3.

By using a simple model, the contributions of indoor
sources and indoor-outdoor penetration to indoor TC at
the three indoor sites were estimated. The relative contribu-
tion of real indoor OC emissions to indoor TC was highest
at 12, indicating that the highest indoor OC source emis-
sions were at I2. The relative contributions of real indoor
OC emissions to indoor TC at Sites I1 and I3 indicated the
existence of indoor OC emission sources but indoor-out-
door OC penetration contributed more towards indoor
OC. The relative contributions of indoor-outdoor penetra-
tion to indoor EC at Sites 11, 12, and 13 showed no obvious
differences, indicating similar and steady EC sources.
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