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Atmospheric particles (total suspended particles (TSPs); particulate matter (PM) with
particle size below 10 μm, PM10; particulate matter with particle size below 2.5 μm, PM2.5)
were collected and analyzed during heating and non-heating periods in Harbin. The sources
of PM10 and PM2.5 were identified by the chemical mass balance (CMB) receptor model.
Results indicated that PM2.5/TSP was the most prevalent and PM2.5 was the main
component of PM10, while the presence of PM10–100 was relatively weak. SO4

2− and NO3
−

concentrations were more significant than other ions during the heating period. As
compared with the non-heating period, Mn, Ni, Pb, S, Si, Ti, Zn, As, Ba, Cd, Cr, Fe and K were
relatively higher during the heating period. In particular, Mn, Ni, S, Si, Ti, Zn and As in PM2.5

were obviously higher during the heating period. Organic carbon (OC) in the heating period
was 2–5 times higher than in the non-heating period. Elemental carbon (EC) did not change
much. OC/EC ratios were 8–11 during the heating period, which was much higher than in
other Chinese cities (OC/EC: 4–6). Results from the CMB indicated that 11 pollution sources
were identified, of which traffic, coal combustion, secondary sulfate, secondary nitrate, and
secondary organic carbonmade the greatest contribution. Before the heating period, dust and
petrochemical industrymadea larger contribution. In the heating period, coal combustion and
secondary sulfatewerehigher. After the heating period, dust and petrochemical industrywere
higher. Some hazardous components in PM2.5 were higher than in PM10, because PM2.5 has a
higher ability to absorb toxic substances. Thus PM2.5 pollution is more significant regarding
human health effects in the heating period.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
Keywords:
Atmospheric particles
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Heating period
Chemical mass balance
Introduction

Atmospheric particulate pollution is becoming more and more
serious. Many countries and cities have experienced serious ash
haze and fog haze weather. This has a significant influence on the
urban atmospheric environment and human health, which has
received increasing attention in many countries (Godec et al.,
2012; Hansen et al., 2010; Kleeman et al., 2009; Tiwari et al., 2012).

Fuel combustion is an important source of atmospheric
particulates. Heating processes using coal combustion make a
lk1980@163.com (Likun H

o-Environmental Science
sizable contribution to particulate matter (PM) concentrations, so
particulatematter characteristics during the heating period are very
different from those during the non-heating period. In addition, due
to the presence of a concave terrain, lower wind speeds, and a
relatively stable atmospheric structure in winter, it is difficult for
atmospheric particulate matter to disperse, and it accumulates
gradually, so that the characteristics of atmospheric particulate
matter in the heating period is different from that during the
non-heating period (Braniš and ělová, 2010; Kong et al., 2012; Qiao et
al., 2010; Wang et al., 2012).
jes
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In several major world cities, the characteristics and source
apportionment of atmospheric particulate matter during the
heating period and the non-heating period have been studied.
However, there are differences in air quality characteristics
between other cities and Harbin due to its high latitude, cold
climate, and frequent inversion phenomena in the winter season
(Dong et al., 2012; Dai et al., 2013; Li et al., 2012; Xu et al., 2012;
Shen et al., 2011; Zhang et al., 2012). No detailed investigation has
been conducted in Harbin thus far. Accordingly, in order to
improve atmospheric quality, protect human health, and reduce
ecological damage, it is crucial to investigate the characteristics
of particulate matter during the heating period and the
non-heating period in order to develop effective air pollution
control measures in Harbin. Hence, we collected atmospheric
particulate matter (TSP, PM10, and PM2.5) in Harbin in 2010 and
2011 to analyze the chemical characteristics of the particles and
further to apportion their main sources by using chemical
analysis and the chemical mass balance (CMB) receptor model
(Gummeneni et al., 2011).
1. Sampling and analytical methods

1.1. Sample collection

In order to investigate the impacts of heating on ambient air
quality, monthly atmospheric particulate matter data, includ-
ing TSP, PM10, and PM2.5, were continuously collected from
August, 2010 to June, 2011. According to the heating period of
Harbin, the sample collection was conducted in three stages
including “before heating period” from Aug. 2010 to Sep. 2010,
“heating period” from Oct. 2010 to Apr. 2011, and “after heating
period” from May 2011 to Jun. 2011. The sampling site was
located at the South Campus of Harbin University of Commerce
as illustrated in Fig. 1. Samples were collected every day, except
raining days, snowing days, dust days and other special days.
After these abnormal days, sampling was also stopped for one
day, because particulatematter characteristics were affected by
the weather. At least 15 samples were selected every month for
a subsequent chemical and physical analysis. The filters used in
this study were 80 mm quartz filters that were initially heated
at 900°C before sampling, in order to eliminate the interference
of residual organic compounds. Three medium-flow air sam-
plers (Tianhong Intelligent Instrument, Model TH-150, Wuhan,
China) were applied to collect TSP, PM10, and PM2.5 with the
c.c
nSampling site

Harbin mateorology monitoring station

N

Harbin

Fig. 1 – Locations of sampling site and meteorology moni-
toring station in Harbin, China.
 c.a

same flow rate of 100 L/min and sampling time of 24 hr every
time.Overall sampling volume anddurationwere automatically
recorded. The sampling height was 8 m above the ground. Near
the sampling site, there was no substantial pollution source or
obvious obstacles. The sampling approach was consistent with
the requirements of national standards.

1.2. Chemical analysis

1.2.1. Ionic species
Before and after sampling, the quartz filters were temporarily
storedat 4°Cand then transported back to theCentral Laboratory
of Harbin Institute of Technology (HIT) for further conditioning,
weighing, and chemical analysis. Before conducting the chem-
ical analysis, the filter samples were initially cut into 8 identical
parts, four parts of which were used for the analysis of metallic
elements, ionic species, total carbon and elemental carbon,
respectively, while the remaining parts were used for other
chemical analysis (Tsai et al., 2006).

A one eighth segment of the quartz filter to be analyzed for
ionic species was put into a 50-mL PE bottle for each sample.
Distilled–de-ionized water was added into each bottle for
ultrasonic vibration for approximately 120 min. An ion chroma-
tography system (Dionex, Model 100, USA) was used to analyze
the concentration of major anions (F−, Cl−, NO3

−, and SO4
2−) and

cations (Na+, NH4
+, K+, Mg2+, and Ca2+) (Yuan et al., 2004). Method

detection limits were obtained from duplicate analysis of
predefined quality control solutions. The method detection
limits of F−, Cl−, NO3

−, SO4
2−, Na+, NH4

+, K+, Mg2+, and Ca2+ were
0.013, 0.024, 0.033, 0.021, 0.017, 0.04, 0.039, 0.031, and 0.033 μg/mL,
respectively. The averaged recovery efficiencies ranged from the
lowest of 90% for Na+ to the highest of 110% for Cl− with an
overall average of 97% (Huang et al., 2011).

1.2.2. Metallic elements
One eighth of the quartz filter was soaked in 15 mL mixed acid
(VHNO3

:VHClO4
= 3:7) and placed on an electrical heating plate at

150–200°C for at least 2-hr digestion until the solution boiled and
clarified. During the digestion period, distilled–de-ionized water
was added into the residual solution twice or more in order to
completelydissolve themetallic elements. The residual solution
was then diluted to 50 mL with 0.5 mol/L HNO3(aq) and stored in
a polyethylene (PE) bottle. After conducting the above steps, the
metallic contents were measured with an inductively coupled
plasma-atomic emission spectrometer (ICP-AES, Perkins Elmer,
Model 400, USA) (Yuan et al., 2004). The metallic elements
analyzed for this study included Al, As, Ba, Ca, Cd, Cr, Cu, Fe, K,
Mg, Mn, Na, Ni, Pb, S, Si, Sr, Ti, V, and Zn, with the detection
limits of 0.050, 0.014, 0.002, 0.028, 0.002, 0.007, 0.007, 0.009, 0.050,
0.029, 0.016, 0.030, 0.004, 0.030, 9.000, 1.500, 0.010, 0.009, 0.200,
and 0.004 μg/mL, respectively.

1.2.3. Carbonaceous contents
Total and elemental carbon (TC and EC) contents of each
quartz filter were determined with an elemental analyzer (EA,
Fison, Model CHNS/O 1108, Italy). One eighth of each filter
sample was heated in advance in a 340°C oven for 100 min to
expel the organic carbon (OC) content, and then fed into the
elemental analyzer to obtain the elemental carbon (EC) content.
Another one eighth of each filter was fed directly into the
jes
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elemental analyzer without pre-heating to obtain the total
carbon (TC) content (Lin, 2002). Organic carbon could then be
determined by subtracting the elemental carbon from the total
carbon.

1.3. Scanning electron microscopy

The scanning electron microscope (SEM) uses a focused beam
of high-energy electrons to generate a variety of signals at
the surface of solid specimens. The signals that derive from
electron–sample interactions reveal information about the
sample, including external morphology (texture), chemical
composition, and crystalline structure and orientation of
materials making up the sample. In most applications, data
are collected over a selected area of the surface of the sample,
and a 2-dimensional image is generated that displays spatial
variations in these properties. Areas ranging from approxi-
mately 1 cm to 5 μm in width can be imaged in a scanning
mode using conventional SEM techniques (magnification
ranging from 20× to approximately 30,000×, spatial resolution
of 50 to 100 nm).

1.4. Source apportionment

In this study, the software CMB8.2 based on CMB was used to
estimate the contribution of emission sources by determining
the best-fit combination of emission source and chemical
composition profiles based on reconstructing the chemical
composition of ambient samples. The basic calculation princi-
ple of model is as follows:

Ci ¼ Fi1S1 þ Fi2 S2 þ …þ Fi jS j þ…þ Fi J S J i ¼ 1…I; j ¼ 1… Jð Þ
ð1Þ

where, Ci (μg/m3) is the concentration of element i measured at
the receptor site of atmospheric particulate matter; Fij (μg/m3)
is the concentration of element i measured at the source j of
emitted particulate matter; Sj is the contribution ratio of
particulate matter emitted from source j; I is the number of
elements; and J is the number of emission sources.

When I is greater than J, a group of results can be obtained
by using the equation based on the effective variance and the
least squares, which results in the contribution ratio of each
source. Themodel needs the data from the chemical profile of
emission sources and the elemental concentrations of recep-
tor samples. Based on these data the model can calculate the
apportionment of each source (Huang et al., 2011; Marcazzan
et al., 2003).
c.c
n

2. Results and discussion

2.1. Variation of atmospheric particulate matter concentrations
during sampling period

Because of the low air temperature during winter in the north
of China, heating by coal burning is necessary to increase the
indoor temperature; coal combustion results in a significant
increase in particulate concentrations. In this study, according
to the heating period in Harbin, the year is divided into three
periods, including the before heating period (August, September
 c.a

and early October), the heating period (late October, November,
December, January, February, March, and early May) and the
after heating period (late April, May, June). Average particulate
matter concentrations of these periods are shown in Fig. 2.

As shown in Fig. 2, concentrations of TSP, PM10 and PM2.5 in
the heating period were 201.62, 155.05 and 107.20 μg/m3,
respectively. These were 1.5–2 times higher than those of the
non-heating period, especially mass concentrations of PM2.5.
Fine particles were primarily from coal combustion, which is
related to the properties and combustion conditions of coal. In
addition, the particulate concentration of the Before Heating
Period was slightly higher than the After Heating Period due to
the different seasonal environment factors. During the Before
Heating Period, Heating Period and After Heating Period, the
values of PM2.5/PM10 were 0.64, 0.69 and 0.56, PM2.5/TSP were
0.47, 0.53 and 0.42, and PM10/TSP were 0.73, 0.77 and 0.74,
respectively. The three ratios in the heating period were
higher than during the non-heating period. Among them,
PM2.5/PM10 was the most obvious. This showed that the fine
particle fraction (PM2.5) was the main component in PM10

during the heating period, while the increase of PM10–100 was
relatively weak. Therefore, limiting fine particles is an effective
method to reduce the particulate matter concentrations during
the winter heating period.

2.2. Variation of chemical composition in atmospheric
particulates during the sampling period

2.2.1. Variation of ion composition
Coal combustion releases a large amount of pollutants, which
can change the chemical composition of particulate matter
(Lee and Nguyen, 2013). Table 1 shows the variation of ionic
composition in TSP, PM10 and PM2.5 during the three periods.
Analysis of data revealed that concentrations of major ions
(K+, Mg2+, F−, Cl−, SO4

2− and NO3
−) in the heating period were

higher than those in the non-heating period. Among them, K+,
F−, SO4

2− and NO3
− were from fuel combustion, while K+ came

mainly from burning biomass, such as straw, in the suburbs,
and F−, SO4

2− and NO3
− were from coal combustion within the

urban area. In particular, SO4
2− and NO3

− were significantly
higher. This may be due to the high content of S and N in coal,
which can generate SO2 and NOx in the air to form secondary
aerosols during the heating period. Mg2+ and Cl− were formed
in manufacturing processes. Those were produced in higher
concentrations in the heating period, which was related to
industrial activity, and varied with the change of seasons
because of the increasing demand for seasonal products. The
concentrations of Ca2+ and Na+ in the heating period were less
than those in thenon-heatingperiod. Themain reasonwas that
the two ions came mainly from natural sources. PM coming
from dust and soil has a much higher concentration during
the non-heating period. This can be related to the seasonal
weather. However, dust and soil were usually covered with
snow and fallen leaves and not easily raised inwintertime with
low wind speed. The concentrations of NH4

+ after the heating
period were higher than those of the other two periods. This
could be related to seasonal characteristics. After the heating
period, with spring coming and plants growing quickly, a large
amount of NH4

+ is released. Therefore, the concentration of NH4
+

increased greatly at this time. Generally, the effects of fuel
jes
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Fig. 2 – PM concentration during heating and non-heating period.

Table 2 – Elemental concentration in particulate matter
(PM) during heating and non-heating period (unit: μg/m3).

TSP PM10 PM2.5

B H A B H A B H A
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combustion on SO4
2− and NO3

− concentrations were more sig-
nificant than for other ions during the heating period.

2.2.2. Variation of elemental composition
Coal combustion releases various elements that can lead to
variation in the components of atmospheric particulates
during the heating period, especially toxic heavy metals. As
shown in Table 2, as compared with the non-heating period,
Mn, Ni, Pb, S, Si, Ti, Zn, As, Ba, Cd, Cr, Fe and K had a relatively
highermass concentration in atmospheric particulates during
the heating period. In particular, the high concentrations of
Mn, Ni, S, Si, Ti, Zn and As in PM2.5 were very prevalent. One
reason was that PM2.5 has a strong absorption capacity for
metals; the other was that coal combustion releases a large
number of fine particles with more metal content than coarse
particles (Herrera et al., 2012). Moreover, concentrations of Na,
Al, Ca andMg had no variation in the heating and non-heating
period, because they are the main elements in the earth's
crust, and their major sources were natural emissions. Sr was
found primarily in the PM10–100, but the concentration was
low, which suggested that Sr pollution was mainly from
natural dust particles or perhaps an exogenous sandstorm.
The element V barely registered in the entire sampling period,
demonstrating that sources of this element's pollution did
not exist in Harbin, or are released in a very low mass
concentration. Cu had significant changes only in TSP, and its
Table 1 – Ion concentration in particulate matter (PM)
during heating and non-heating period (unit: μg/m3).

TSP PM10 PM2.5

B H A B H A B H A

Ca2+ 9.68 3.90 7.32 7.49 2.19 5.69 1.04 0.43 0.61
K+ 1.22 1.46 0.54 0.67 1.27 0.44 0.50 1.00 0.25
Mg2+ 0.38 0.45 0.40 0.18 0.31 0.19 0.06 0.08 0.05
Na+ 2.34 1.98 2.83 1.36 1.43 1.90 0.30 0.28 0.36
NH4

+ 13.86 17.23 25.58 12.44 15.40 22.38 9.90 11.37 17.09
F− 0.42 1.97 0.16 0.28 1.21 0.13 0.09 0.65 0.03
Cl− 3.11 4.37 2.41 2.25 4.12 2.10 1.61 2.86 1.28
SO4

2− 13.66 27.57 8.83 9.86 19.41 7.37 8.87 14.84 5.39
NO3

− 11.97 24.95 9.75 9.89 17.33 8.22 7.32 13.16 5.83
∑/PM 0.48 0.42 0.48 0.44 0.40 0.52 0.49 0.42 0.60

B: before heating period; H: heating period; A: after heating period.
TSP: total suspended particles; PM10: particulate matter with particle
size below 10 μm.
PM2.5: particulate matter with particle size below 2.5 μm.
concentration in the heating period was higher than in the
non-heating period, while it had little change in PM10 and
PM2.5. The particles having Cu were large particles, and most
came from fly ash, which is generated in coal burning.

2.2.3. Variation of carbonaceous compounds
The low atmospheric pressure in Harbin during winter can
easily lead to hazyweather and result in the rapid accumulation
and formation of organic carbon particles. In addition, organic
carbon (OC), which contains a wide range of molecular forms
and volatilities, can be formed during incomplete combustion
of coal or through secondary chemical reactions from its
gaseous precursors in the atmosphere (Rengarajan et al.,
2011). So the concentration of organic carbon is higher during
the winter heating period. Thus, it is necessary to study the
carbon component characteristics of particulate matter in the
heating and non-heating period.

Table 3 shows the characteristics of TC, EC, OC and OC/EC in
TSP, PM10 and PM2.5. Results showed that themass concentration
of OC in the heating period was 2–5 times higher than in the
non-heatingperiod. Themass concentrationof EC in those stages
jes
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Mn 0.13 0.29 0.18 0.08 0.24 0.08 0.05 0.18 0.03
Na 2.77 2.88 3.10 2.61 2.50 2.76 2.22 1.99 2.25
Ni 0.01 0.04 0.01 0.01 0.04 0.01 0.01 0.03 0.01
Pb 0.72 1.06 0.25 0.67 0.71 0.14 0.28 0.52 0.12
S 3.67 7.99 2.52 2.04 6.13 2.09 0.65 5.44 1.75
Si 2.56 5.46 0.89 1.89 3.37 0.44 0.91 2.88 0.38
Sr 0.10 0.08 0.00 0.09 0.02 0.00 0.00 0.01 0.00
Ti 0.47 0.62 1.33 0.43 0.61 0.37 0.36 0.60 0.36
V 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.50 1.12 0.37 0.43 1.10 0.36 0.27 1.02 0.26
Al 3.69 3.46 4.48 1.88 2.01 2.07 0.44 0.57 0.48
As 0.01 0.04 0.01 0.01 0.04 0.01 0.01 0.04 0.01
Ba 0.12 0.18 0.14 0.10 0.17 0.07 0.05 0.15 0.05
Ca 11.12 8.11 9.78 9.42 7.32 6.91 4.77 4.79 4.42
Cd 0.00 0.03 0.00 0.00 0.02 0.00 0.00 0.02 0.00
Cr 0.08 0.10 0.07 0.08 0.10 0.06 0.07 0.10 0.06
Cu 0.24 0.26 0.12 0.18 0.26 0.11 0.10 0.17 0.11
Fe 3.11 4.23 2.59 2.12 3.14 2.25 0.64 1.53 0.68
K 1.43 2.23 1.44 1.33 2.18 1.09 1.30 1.91 0.59
Mg 1.50 1.84 2.14 0.99 1.23 1.24 0.74 0.85 0.77
∑/PM 0.23 0.20 0.23 0.24 0.21 0.22 0.23 0.21 0.24
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showed basically not much change. OC/EC ratios were 8–11
during the heating period in Harbin, which were much higher
than other Chinese cities' data (OC/EC = 4–6), so it can be
attributed to the increasing amount of coal combustion. Accord-
ing to the data for TC/PM, carbon was the main component that
caused the increase of the particulate matter mass.

Furthermore, by comparing the proportional distribution of
the carbon components in TSP, PM10 and PM2.5, organic carbon
was richer in PM2.5 and OC/EC reached 10.80. This indicates that
the particles formed by the secondary reactions of organic
gasses were mostly fine particles, which had a higher surface
area than coarse particles and stronger absorption capacity
compared to coarse particles (Aldabe et al., 2011). This is the
reason for the high OC concentrations.

Accordingly, OC was much higher in Harbin than in other
cities due to high levels of coal combustion during the heating
period, including contributing influences of coal properties,
the combustion efficiency of coal, and weather patterns.

2.3. Microscopic form of atmospheric particulates by SEM

Influenced by the emission source properties, themorphology of
atmosphere particulates is different. In addition, after two stages
of reaction, absorption and mutual attachment, the particles'
morphology is changed and differs from source samples. The
micro-morphology of source samples can be clearly seen as
individual particles, while receptor samples can be seen as the
aggregation of particles in SEM. Themicro-morphologies of PM10

and PM2.5 in different magnifications are shown in Fig. 3.
Observing the surface morphology and distribution char-

acters of particles by scanning electron microscopy, the
pollution resources were qualitatively analyzed on the basis
of sample data. Fig. 3 shows that PM10 values are derived from
soil dust and mineral particles from their dense texture,
mostly flakes and irregular shapes, with more than a single
source; PM2.5 values are derived from combustion particles or
secondary organic particles with more rounded, smooth
surfaces, and lumps or chain structures.

The surface morphology of atmospheric particles is
very different during heating and non-heating periods. Coal
combustion is the main way to heat the indoor air in Harbin.
The amount of coal used is relatively large in December and
Table 3 – Carbon component in particulate matter (PM) during h

TSP

B H A B

TC concentration
(μg/m3)

13.34 26.95 12.00 12.4

EC concentration
(μg/m3)

2.69 2.86 3.82 2.4

OC concentration
(μg/m3)

10.65 24.10 8.18 9.9

OC/EC ratio 4.05 8.82 2.22 4.0
TC/PM ratio 0.10 0.13 0.10 0.1
EC/PM ratio 0.02 0.01 0.03 0.0
OC/PM ratio 0.08 0.12 0.07 0.1

TC: total carbon; EC: elemental carbon; OC: organic carbon.
January. Therefore the samples in December and September
were analyzed by the use of SEM to show the difference
between heating and non-heating periods. The results are
shown in Fig. 4.

As can be seen fromFig. 4, the characteristics of particle size,
apparent morphology and aggregation state have obvious
differences between the two periods. During the non-heating
period, the particulates have some apparent characteristics
with different shapes, dense texture, large size, light–dark
contours, and clear boundary. Individual particles can be seen.
Some coarse particles with irregular shape are from natural
sources and some fine particles with smooth surface are from
dust and organic particles. During the heating period, more floc
particles can be seen by SEM, with uniform chain distribution
and loosely clumped distribution. They mainly come from
chemical polymerization of volatile organic compounds of
small size.

2.4. Source apportionment

2.4.1. Contribution species and amount of pollution sources by
CMB
In this study, we applied the CMB8.2 receptor model and
source profile from Europe, the United States and Taiwan to
analyze sources (Yuan et al., 2004) in order to investigate the
contrast of contribution characteristics of pollution sources
during the heating and non-heating periods. The results of the
analysis are shown in Table 4 and Fig. 5.

As shown in Table 4, the analytical results of PM10 and PM2.5

from the CMB suggested that the values of degrees of freedom
were all over 10, the correlation coefficients were between 0.64
and 0.77, and the proportions of analysis were 80.48%–92.90%,
which agreed with the analytic precision. The analysis of data
revealed that there were eleven pollution sources, which were
soil, dust, traffic, incinerators, coal combustion, the cement
industry, the steel industry, the petrochemical industry, sec-
ondary sulfate, secondarynitrate, and secondary organic carbon
respectively. As seen in Table 4, the contribution amounts of
pollution sources were different in the two periods. For the two
kinds of particles in the table, the pollution sources such as soil,
dust, incinerators, the cement industry, the steel industry and
the petrochemical industry were not influenced significantly by
jes
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n

eating and non-heating period.

PM10 PM2.5

H A B H A

1 22.95 9.52 6.69 17.70 5.48

5 2.15 2.61 1.47 1.55 1.62

6 20.80 6.90 5.22 16.15 3.86

7 9.99 2.70 3.83 10.80 2.37
2 0.15 0.10 0.11 0.17 0.11
2 0.01 0.03 0.02 0.01 0.03
0 0.14 0.07 0.09 0.16 0.08
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Fig. 3 – Morphological characteristics of PM10 and PM2.5.
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heating. However, soil and dust were greatly influenced by the
seasons, and the other sources were significantly influenced
by industry. Generally, when the characteristics and scale of
industry were invariant, the content of pollution was relatively
stable, but the release of gaseous inorganic and organic com-
poundsmay formsecondary aerosol particles. On theother hand,
pollution sources such as traffic, coal combustion, secondary
Non-heating period

Heating period

Fig. 4 – Morphological characteristics of atmosph
sulfate, secondary nitrate, and secondary organic carbon were
influenced greatly by heating, so the coal combustion had the
greatest effect. The contribution of traffic dust during the heating
period was mainly due to low temperatures and increasing
automobile emissions.At the same time, solid particulatematter
and gaseous pollutants also increased; particulate matters
were in the form of polymers. Secondary sulfate, secondary
jes
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n

Non-heating period

Heating period

eric particles during heating and no-heating.
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Table 4 – Source apportionment of particulate matter (PM) during heating and non-heating period (unit: μg/m3).

PM10 PM2.5

B H A B H A

Soil 5.32 6.14 4.01 2.15 1.98 2.68
Dust 16.25 14.52 13.15 9.13 8.65 7.25
Traffic 12.68 15.15 10.12 1.60 2.10 2.68
Incinerator 6.21 7.46 5.35 2.82 5.20 3.24
Coal combustion 11.21 30.36 10.12 6.25 24.12 7.56
Cement industry 3.12 2.84 3.85 1.64 1.38 1.88
Steel industry 4.31 5.24 3.25 2.35 3.35 1.96
Petrochemical industry 13.58 12.76 14.57 9.56 9.38 9.22
Secondary sulfate 10.14 23.18 8.32 6.97 18.95 4.51
Secondary nitrate 6.21 10.63 7.63 4.94 8.94 5.70
Secondary organic carbon 1.25 5.96 1.59 1.02 4.08 1.10
Sum of identified sources 90.28 134.23 81.96 48.44 88.14 47.77
Others 14.72 20.82 9.52 11.75 19.06 3.65
Degrees of freedom 10 11 10 13 11 12
R2 square 0.77 0.76 0.67 0.64 0.77 0.69
Mass (%) 85.98 86.57 89.59 80.48 82.22 92.90
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nitrate, and secondary organic carbon were the secondary
particles formed throughphotochemical reactions. Their gaseous
precursors were SO2, NOx and organic gaseous compounds that
Soil 5.07±2.2%
Dust 15.48±3.1%

Traffic 
12.08±3.5%

Incinerator 
5.91±2.0%

Coal combustion 
10.68±1.6%Cement industry 

3.12±1.4%

Steel industry 
4.10±1.8%

Petrochemical 
industry 
12.93±1.2%

Secondary sulfate 
9.66±1.6%

Secondary nitrate 
5.91±2.1%

Secondary 
organic carbon 
1.19±1.0%

Others 
14.02±4.8%

Before heating period 

Soil 3.96±1.2%
Dust 9.36±3.9%

Traffic 
9.77±2.8%

Incinerator 
4.81±1.8%

Coal combustion 
19.58±2.1%

Cement industry 
3.12±1.4%

Steel industry 
3.38±1.4%

Petrochemical 
industry 
8.23±2.7%

Secondary sulfate 
14.95±1.1%

Secondary nitrate 
6.86±1.6%

Secondary 
organic carbon 
3.84±0.6%

Others 
13.43±2.8%

Heating period 

Soil 4.38±1.8%
Dust 14.37±1.7%

Traffic 
11.06±2.5%

Incinerator 
5.85±2.9%

Coal combustion 
11.06±1.8%Cement industry 

3.12±1.4%
Steel industry 
3.55±2.4%

Petrochemical 
industry 
15.93±2.8%

Secondary
sulfate 
9.10±1.2%

Secondary nitrate 
8.34±1.5%

Secondary 
organic carbon 
1.74±1.7%

Others 
10.41±3.0%

After heating period 

S
11

S
8.

Seco
8.34

Seco
8.77

a  PM10

Fig. 5 – Concentration rate of sources to PM10 (a) and PM2.5 (b) dur
after heating period.
came from coal combustion, chemical industry, transportation
and natural source emissions. Some secondary particles were
from pollution sources directly.
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Soil 3.57±1.2%
Dust 15.17±3.0%

Traffic 
2.65±1.5%

Incinerator 
4.69±2.0%

Coal combustion 
10.38±2.6%

Cement industry 
3.12±1.4%

Steel industry 
3.91±2.4%Petrochemical 
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15.89±2.8%

econdary sulfate 
.59±1.0%

econdary nitrate 
21±2.3%

Secondary 
organic carbon 
1.69±0.7%

Others 
19.52±2.8%

Before heating period   

Soil 1.85±2.3%
Dust 8.07±2.7%

Traffic 
1.96±2.6%

Incinerator 
4.85±1.1%

Coal combustion 
22.50±1.6%

Cement industry 
3.12±1.4%

Steel industry 
3.13±1.9%

Petrochemical 
industry 
8.75±1.8%

Secondary sulfate 
17.68±1.1%

ndary nitrate 
±1.5%

Secondary 
organic carbon 
3.81±0.6%

Others 
17.78±4.3%

Heating period 

Soil 5.21±2.4%
Dust 14.10±1.7%

Traffic 
5.21±1.2%

Incinerator 
6.30±2.6%

Coal combustion 
14.70±1.4%

Cement industry 
3.12±1.4%

Steel industry 
3.81±2.1%

Petrochemical 
industry 
17.92±3.0%

ndary sulfate 
±1.5%

Secondary nitrate 
11.09±1.9%

Secondary 
organic carbon 
2.14±1.7%

Others 
7.10±4.1%

After heating period 

b  PM2.5

ing the periods of before heating period, heating period, and
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2.4.2. Contribution ratio of pollution sources by CMB
Fig. 5 shows the contribution ratio of various pollution sources
in PM10 and PM2.5. As seen from the analysis of PM10, before the
heating period, dust and the petrochemical industry accounted
for the largest percentage of contributions, followed by traffic,
coal combustion, and secondary sulfate. In the heating period,
coal combustion and secondary sulfate had a higher contribu-
tion ratio, followed by traffic, dust, petrochemical industry, and
secondary nitrate. After the heating period, dust and the
petrochemical industry had a higher contribution ratio, follow-
ed by coal combustion, traffic, and secondary nitrate.

According to the analysis of PM2.5, dust and the petrochemical
industry also accounted for a large percentage of contributions
before the heating period, followed by coal combustion, second-
ary sulfate, and secondary nitrate. In the heating period, coal
combustion and secondary sulfate had a higher contribution,
followed by the petrochemical industry, dust and secondary
nitrate. After theheating period, thepetrochemical industry, dust
and coal combustion had a larger contribution, followed by
secondary nitrate, secondary sulfate and soil. Therefore, both
kinds of particles had common characteristics. Coal combustion
and secondary sulfate had a larger contribution in the heating
period, while they had a lesser contribution in the other periods.
This indicated that the amount of coal fuel has a larger effect
in the heating period, and it could also have been used as a
fuel in thenon-heating period, but its amountwasmuch smaller.
Secondary sulfate generation had great relevance to coal
combustion, so the proportion of contribution was basically
identical. Moreover it was noteworthy that the proportion of
contribution was relatively small for organic carbon in the entire
sampling period, but compared to the non-heating period, the
proportional contribution was 5 times greater in the heating
period. This revealed that coal combustion or other sources
associated with heating released more primary or secondary
particulate matter. In the heating period, the proportional
contributionof thepetrochemical industry anddustwas reduced.
The main reason was that the primary particulate matters from
the two pollution sources were not very volatile, because the
decrease of their contribution ratio was caused by an increase of
the released particles from other pollution sources. When the
gaseous pollutants from the petrochemical industry combined
with coal combustion particles, they promoted the formation of
secondary particulate matter.

In addition, the contribution ratio of some hazardous pollu-
tion sources in PM2.5 is higher than in PM10, because PM2.5 has a
higher ability to absorb toxic substances. Thus PM2.5 pollution is
more significant to human health effects in the heating period.
c.c
n

3. Conclusions

The results of atmospheric particulate matter concentration
showed that PM2.5/TSPwasmost significant. PM10wasprimarily
composed of PM2.5 during theheating period, while the increase
of PM10–100 was relatively weak.

Chemical analysis indicated that the effects of fuel combus-
tion on SO4

2− andNO3
− concentrationsweremore serious than for

other ions during the heating period. By comparison with the
non-heating period,Mn, Ni, Pb, S, Si, Ti, Zn, As, Ba, Cd, Cr, Fe and
K had relatively higher mass concentrations in atmospheric
particulates during theheating period, and in particular,Mn, Ni,
S, Si, Ti, Zn and As in PM2.5 were very significant. PM2.5 had a
strong absorption capacity for metals. Coal combustion re-
leased a large number of fine particles containing more metal
elements than coarse particles. The mass concentration of
OC in the heating period was 2–5 times higher than in the
non-heating period. EC in the two periods basically did not
changemuch. OC/EC ratios were 8–11 during the heating period
in Harbin, which was much higher than the other Chinese
cities' data (OC/EC = 4–6).

The results calculated by the CMB receptor model showed
that eleven pollution sourceswere apportioned, ofwhich traffic,
coal combustion, secondary sulfate, secondary nitrate, and
secondary organic carbon made the greatest contributions.
Before the heating period, dust and the petrochemical industry
made a larger contribution. In the heating period, coal combus-
tion and secondary sulfatemadeahigher contribution. After the
heating period, dust and the petrochemical industry made a
higher contribution. The contribution ratio of hazardous pollu-
tion sources in PM2.5 is higher than in PM10, because PM2.5 has a
higher ability to absorb toxic substances. Thus PM2.5 pollution is
significantly more noteworthy to human health effects in the
heating period.
Acknowledgments

This study was supported by the National Natural Science
Foundation of China (No. 51408168) and the Open Project of the
State Key Laboratory of UrbanWater Resource and Environment,
Harbin Institute of Technology (No. ES201417). The authorswould
like to express their sincere appreciation for the financial support
to accomplish this study. Special thanks go to Mr. Hsieh-Hung
Tsai andMr. Tsung-Chang Li from the Institute of Environmental
Engineering, National Sun Yat-sen University, for their kind
assistance in chemical analyses.
c.a

R E F E R E N C E S

Aldabe, J., Elustondo, D., Santamaría, C., Lasheras, E.,
Pandolfi, M., Alastuey, A., et al., 2011. Chemical charac-
terisation and source apportionment of PM2.5 and PM10 at
rural, urban and traffic sites in Navarra (North of Spain).
Atmos. Res. 102 (1–2), 191–205.

Braniš, M., ělová, L., 2010. Monitoring of aerosol (PM10 and Black
Smoke) in a small rural settlement—the effect of local heating
on air quality. Acta Univ. Carol. Environ. 24 (1–2), 19–26.

Dai, W., Gao, J.Q., Cao, G., Ouyang, F., 2013. Chemical composition
and source identification of PM2.5 in the suburb of Shenzhen,
China. Atmos. Res. 122, 391–400.

Dong, X., Liu, D., Gao, S., 2012. Characterization of PM2.5- and
PM10-bound polycyclic aromatic hydrocarbons in urban and
rural areas in Beijing during thewinter. Adv.Mater. Res. 518–523,
1479–1491.

Godec, R., Čačković, M., Šega, K., Bešlić, I., 2012. Winter mass
concentrations of carbon species in PM10, PM2.5 and PM1 in
Zagreb Air, Croatia. Bull. Environ. Contam. Toxicol. 89 (5),
1087–1090.

Gummeneni, S., Bin, Y.Y., Chavali, M., 2011. Source apportionment
of particulatematter in the ambient air of Hyderabad city, India.
Atmos. Res. 101 (3), 752–764.
jes

http://www.jesc.ac.cn


2483J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 2 6 ( 2 0 1 4 ) 2 4 7 5 – 2 4 8 3
Hansen, J.C., Woolwine,W.R.I.I.I., Bates, B.L., Clark, J.M., Kuprov, R.Y.,
Mukherjee, P., et al., 2010. Semicontinuous PM2.5 and PM10 mass
and composition measurements in Lindon, Utah, during winter
2007. J. Air Waste Manag. Assoc. 60 (3), 346–355.

Herrera, M.J., Campos, R.A., Angeles Garci, F., 2012. Chemical
composition of PM2.5 particles in Salamanca, Guanajuato
Mexico: source apportionment with receptor models. Atmos.
Res. 107, 31–41.

Huang, L.K., Yuan, C.S., Wang, G.Z., Wang, K., 2011. Chemical
characteristics and source apportionment of PM10 during a
brown haze episode in Harbin, China. Particuology 9 (1), 32–38.

Kleeman, M.J., Riddle, S.G., Robert, M.A., Jakober, CmA, Fine, P.M.,
Hays, M.D., et al., 2009. Source apportionment of fine (PM) and
ultrafine (PM) airborne particulate matter during a severe
winter pollution episode. Environ. Sci. Technol. 43 (2), 272–279.

Kong, S.F., Ji, Y.Q., Lu, B., Bai, Z.P., Chen, L., Han, B., et al., 2012.
Chemical compositions and sources of atmospheric PM10 in
heating, non-heating and sand periods at a coal-based city in
northeastern china. J. Environ. Monitor. 14 (3), 852–865.

Lee, B.K., Nguyen, T.H., 2013. Seasonal ion characteristics of fine
and coarse particles from an urban residential area in a typical
industrial city. Atmos. Res. 122, 362–377.

Li, Y.C., Yu, J.Z., Ho, S.S.H., 2012. Chemical characteristics of PM2.5

and organic aerosol source analysis during cold front episodes
in Hong Kong, China. Atmos. Res. 118, 41–51.

Lin, J.J., 2002. Characterization of the major chemical species in
PM2.5 in the Kaohsiung City, Taiwan. Atmos. Environ. 36 (12),
1911–1920.

Marcazzan, G.M., Ceriani, M., Valli, G., Vecchi, R., 2003. Source
apportionment of PM10 and PM2.5 in Milan (Italy) using receptor
modelling. Sci. Total Environ. 317 (1–3), 137–147.

Qiao, J.J., Qi, J.H., Liu, M.M., Fan, D.G., Shi, J.H., Gao, H.W., 2010.
Distribution of atmospheric particulate inorganic nitrogen in
different weather conditions in the heating period in Qingdao.
Environ. Sci. 31 (1), 29–35.
Rengarajan, R., Sudheer, A.K., Sarin, M.M., 2011. Wintertime PM2.5
and PM10 carbonaceous and inorganic constituents from
urban site in western India. Atmos. Res. 102 (4), 420–431.

Shen, Z.X., Cao, J.J., Liu, S.X., Zhu, C.S., Wang, X., Zhang, T., et al.,
2011. Chemical composition of PM10 and PM2.5 collected at
ground level and 100 meters during a strong winter-time
pollution episode in Xi'an, China. J. Air Waste Manag. Assoc. 61
(11), 1150–1159.

Tiwari, S., Chate, D.M., Pragya, P., Ali, K., Bisht, D.S., 2012.
Variations in mass of the PM10, PM2.5 and PM1 during the
monsoon and the winter at New Delhi. Aer. Air Qual. Res. 12
(1), 20–29.

Tsai, H.H., Yuan, C.S., Lin, H.Y., Huang, M.H., 2006. Physicochemical
characteristics of suspendedparticles andhot-spot identification
at a highly polluted region. Proceedings of the 99th Air & Waste
Management. Association Annual Meeting, New Orleans,
Louisiana.

Wang, W.Q., Zhu, X.P., Zheng, C.X., Yilahong, A., Liu, B., Wei, L.Y.,
2012. Speciation analysis of Cd in PM10 and PM2.5 during
heating period in Urumqi. Spectrosc. Spectr. Anal. 32 (1),
235–238.

Xu, L.L., Chen, X.Q., Chen, J.S., Zhang, F.W., He, C., Zhao, J.P., et al.,
2012. Seasonal variations and chemical compositions of PM2.5

aerosol in the urban area of Fuzhou, China. Atmos. Res.
104–105, 264–272.

Yuan, C.S., Sau, C.C., Chen, M.C., 2004. Influence of Asian dusts on
the physicochemical properties of atmospheric aerosols in
Taiwan district — using the Penghu Islands as an example.
China Particuology 2 (4), 144–152.

Zhang, F.W., Xu, L.L., Chen, J.S., Yu, Y.K., Niu, Z.C., Yin, L.Q., 2012.
Chemical compositions and extinction coefficients of PM2.5 in
peri-urban of Xiamen, China, during June 2009–May 2010.
Atmos. Res. 106, 150–158.
jes
c.a

c.c
n

http://www.jesc.ac.cn


Editorial Board of Journal of Environmental Sciences
Editor-in-Chief

Hongxiao Tang                   Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, China

Associate Editors-in-Chief
Jiuhui Qu                            Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, China
Shu Tao                               Peking University, China
Nigel Bell
Po-Keung Wong

Editorial Board
Aquatic environment
Baoyu Gao
Shandong University, China
Maohong Fan
University of Wyoming, USA
Chihpin Huang  
National Chiao Tung University
Taiwan, China
Ng Wun Jern
Nanyang Environment & 
Water Research Institute, Singapore
Clark C. K. Liu
University of Hawaii at Manoa, USA
Hokyong Shon
University of Technology, Sydney, Australia
Zijian Wang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Zhiwu Wang
The Ohio State University, USA
Yuxiang Wang
Queen’s University, Canada
Min Yang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Zhifeng Yang
Beijing Normal University, China
Han-Qing Yu
University of Science & Technology of China
Terrestrial environment
Christopher Anderson
Massey University, New Zealand
Zucong Cai
Nanjing Normal University, China
Xinbin Feng
Institute of Geochemistry, 
Chinese Academy of Sciences, China
Hongqing Hu
Huazhong Agricultural University, China
Kin-Che Lam
The Chinese University of Hong Kong
Hong Kong, China
Erwin Klumpp
Research Centre Juelich, Agrosphere Institute
Germany
Peijun Li
Institute of Applied Ecology, 
Chinese Academy of Sciences, China

Environmental toxicology and health
Jingwen Chen 
Dalian University of Technology, China
Jianying Hu
Peking University, China
Guibin Jiang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Sijin Liu
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Tsuyoshi Nakanishi
Gifu Pharmaceutical University, Japan
Willie Peijnenburg
University of Leiden, The Netherlands
Bingsheng Zhou
Institute of Hydrobiology, 
Chinese Academy of Sciences, China
Environmental catalysis and materials
Hong He  
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Junhua Li
Tsinghua University, China
Wenfeng Shangguan 
Shanghai Jiao Tong University, China
Yasutake Teraoka 
Kyushu University, Japan
Ralph T. Yang
University of Michigan, USA
Environmental analysis and method
Zongwei Cai
Hong Kong Baptist University, 
Hong Kong, China
Jiping Chen
Dalian Institute of Chemical Physics, 
Chinese Academy of Sciences, China
Minghui Zheng
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Municipal solid waste and green chemistry
Pinjing He
Tongji University, China
Environmental ecology
Rusong Wang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China

Editorial office staff

Managing editor
Editors
English editor

Michael Schloter
German Research Center for Environmental Health
Germany
Xuejun Wang
Peking University, China
Lizhong Zhu
Zhejiang University, China
Atmospheric environment
Jianmin Chen
Fudan University, China
Abdelwahid Mellouki
Centre National de la Recherche Scientifique
France
Yujing Mu
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Min Shao
Peking University, China
James Jay Schauer
University of Wisconsin-Madison, USA
Yuesi Wang
Institute of Atmospheric Physics, 
Chinese Academy of Sciences, China
Xin Yang
University of Cambridge, UK
Environmental biology
Yong Cai
Florida International University, USA
Henner Hollert
RWTH Aachen University, Germany
Jae-Seong Lee
Sungkyunkwan University, South Korea
Christopher Rensing
University of Copenhagen, Denmark
Bojan Sedmak
National Institute of Biology, Slovenia
Lirong Song
Institute of Hydrobiology, 
Chinese Academy of Sciences, China
Chunxia Wang
National Natural Science Foundation of China
Gehong Wei
Northwest A & F University, China
Daqiang Yin
Tongji University, China
Zhongtang Yu
The Ohio State University, USA

Copyright© Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved.

Imperial College London, United Kingdom
The Chinese University of Hong Kong, Hong Kong, China

Zixuan Wang      Suqin Liu      Zhengang Mao
Catherine Rice (USA)

Qingcai Feng



JOURNAL OF ENVIRONMENTAL SCIENCES
环境科学学报(英文版)

(http://www.jesc.ac.cn)
Aims and scope
Journal of Environmental Sciences is an international academic journal supervised by Research Center for Eco-Environ-
mental Sciences, Chinese Academy of Sciences. The journal publishes original, peer-reviewed innovative research and
valuable findings in environmental sciences. The types of articles published are research article, critical review, rapid
communications, and special issues.
The scope of the journal embraces the treatment processes for natural groundwater, municipal, agricultural and industrial
water and wastewaters; physical and chemical methods for limitation of pollutants emission into the atmospheric environ-
ment; chemical and biological and phytoremediation of contaminated soil; fate and transport of pollutants in environments;
toxicological effects of terrorist chemical release on the natural environment and human health; development of environ-
mental catalysts and materials.
For subscription to electronic edition
Elsevier is responsible for subscription of the journal. Please subscribe to the journal via http://www.elsevier.com/locate/jes.
For subscription to print edition
China: Please contact the customer service, Science Press, 16 Donghuangchenggen North Street, Beijing 100717, Chi-
na. Tel: +86-10-64017032; E-mail: journal@mail.sciencep.com, or the local post office throughout China (domestic
postcode: 2-580).
Outside China: Please order the journal from the Elsevier Customer Service Department at the Regional Sales Office
nearest you.
Submission declaration
Submission of an article implies that the work described has not been published previously (except in the form of an
abstract or as part of a published lecture or academic thesis), that it is not under consideration for publication elsewhere.
The submission should be approved by all authors and tacitly or explicitly by the responsible authorities where the work
was carried out. If the manuscript accepted, it will not be published elsewhere in the same form, in English or in any other
language, including electronically without the written consent of the copyright-holder.
Submission declaration
Submission of the work described has not been published previously (except in the form of an abstract or as part of a
published lecture or academic thesis), that it is not under consideration for publication elsewhere. The publication should
be approved by all authors and tacitly or explicitly by the responsible authorities where the work was carried out. If the
manuscript accepted, it will not be published elsewhere in the same form, in English or in any other language, including
electronically without the written consent of the copyright-holder.
Editorial
Authors should submit manuscript online at http://www.jesc.ac.cn. In case of queries, please contact editorial office, Tel:
+86-10-62920553, E-mail: jesc@263.net, jesc@rcees.ac.cn. Instruction to authors is available at http://www.jesc.ac.cn.

Journal of Environmental Sciences (Established in 1989)
Vol. 26 No. 12 2014

Supervised by Chinese Academy of Sciences Published by Science Press, Beijing, China

Sponsored by Research Center for Eco-Environmental Elsevier Limited, The Netherlands

Sciences, Chinese Academy of Sciences Distributed by

Edited by Editorial Office of Journal of Domestic Science Press, 16 Donghuangchenggen

Environmental Sciences North Street, Beijing 100717, China

P. O. Box 2871, Beijing 100085, China Local Post Offices through China

Tel: 86-10-62920553; http://www.jesc.ac.cn Foreign Elsevier Limited

E-mail: jesc@263.net, jesc@rcees.ac.cn http://www.elsevier.com/locate/jes

Editor-in-chief Hongxiao Tang Printed by Beijing Beilin Printing House, 100083, China

CN 11-2629/X Domestic postcode: 2-580 Domestic price per issue RMB ¥ 110.00


	上部.pdf
	FM.pdf
	目录-1.pdf
	目录-2.pdf

	20141212.pdf
	底部.pdf
	封二.pdf
	封底-2014-12.pdf


