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Abstract: Chemical characteristics of fine particulate matter (PM2.5) in Wuxi at urban, industrial,
and clean sites on haze and non-haze days were investigated over four seasons in 2016. In this study,
high concentrations of fine particulate matter (107.6 ± 25.3 µg/m3) were measured in haze episodes.
The most abundant chemical components were organic matter (OM), SO4

2−, NO3
−, elemental carbon

(EC), and NH4
+, which varied significantly on haze and non-haze days. The concentrations of OM

and EC were 38.5 ± 5.4 µg/m3 and 12.3 ± 2.1 µg/m3 on haze days, which were more than four times
greater than those on non-haze days. Source apportionment using a chemical mass balance (CMB)
model showed that the dominant sources were secondary sulfate (17.7%), secondary organic aerosols
(17.1%), and secondary nitrate (14.2%) during the entire sampling period. The source contribution
estimates (SCEs) of most sources at clean sites were lower than at urban and industrial sites. Primary
industrial emission sources, such as coal combustion and steel smelting, made larger contributions at
industrial sites, while vehicle exhausts and cooking smoke showed higher contributions at urban sites.
In addition, the SCEs of secondary sulfate, secondary nitrate, and secondary organic aerosols on haze
days were much higher than those on non-haze days, indicating that the secondary particulate matter
formations process was the dominating reason for high concentrations of particles on haze days.
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1. Introduction

Fine particulate matter (PM2.5: particles with an aerodynamic diameter of ≤2.5 µm) is
an important outdoor air pollutant of great environmental and health concern, because it could
affect air quality and human health and it is also the most uncertain component in the radiative
forcing of climate change [1–3]. Quantitative understanding of these effects requires a comprehensive
knowledge of the particle sources, composition, and atmospheric transformation. However, particulate
matter was a mixture of both primary (directly emitted from sources) and secondary compositions
(formed by atmospheric reactions of gas-phase precursors). The compositions included crustal
elements, soluble ions, metals, organic matter, and elemental carbon, so such quantification has
proven to be a huge task. The sources of PM2.5 include both anthropogenic and natural emissions.
In urban regions, aerosols from complicated anthropogenic sources are often the major contributors to
the PM2.5 concentration [4–6].

To better understand the particulate air pollution, an explicit knowledge of the major sources
of particles is the first step. Compared with developed countries, the PM2.5 sources in developing
countries are much more complex [7–9]. Due to industrialization and urbanization in recent decades,
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China has become one of the most significant source regions for anthropogenic atmospheric emissions
in the world [10]. Quantitative analysis of the PM2.5 sources is often realized by using receptor
models because there is no limitation on pollution discharge, weather conditions, or terrain factors.
The receptor models based on chemical analysis can be divided into two categories based on either
the chemical mass balance (CMB) method or the positive matrix factorization (PMF) method. Source
profiles are necessary in the former method but are not needed in the latter method. The comparison
of these two methods and their performances were also discussed in detail by latest studies [11,12].
Overall, receptor models have been widely used to investigate the source emissions of particles in
China in recent years [13–21].

China has been experiencing severe air pollution problems, especially serious particulate matter
pollution, in the past decades [22,23]. The eastern and northern regions of China, which account for
half of China’s population, are characterized by intense atmospheric pollution due to complex source
emissions. For example, a series of episodes in January 2013 affected more than 10 provinces including
Beijing in eastern China. It is estimated that these haze episodes may have caused about 700 premature
deaths, 45,000 acute bronchitis, and 23,000 asthma cases in Beijing area alone, and the economic loss is
assessed to be over 250 million USD [24]. In recent years, the air pollution has shifted from a simple
type of coal-fired smoke pollution to a more regionally varying, complex air pollution because of the
adjustment of the energy structure and the mitigation of industrial emissions in urban areas in China.
As a result, the identification and quantification of source emissions during haze episodes has been
given more attention [25–28]. Until now, however, there have been limited studies on haze pollution
especially in the Yangtze River Delta region [29,30].

Wuxi, the fourth largest city in the Yangtze River Delta, is situated in the southeast of Jiangsu
Province. It is a typical industrial city and is also a popular tourist destination with a population of
about 6.52 million, covering a land area of approximately 4628 km2. Wuxi is also one of the most
developed cities in China, ranking among the top 10 major Chinese cities according to the GDP data
from the local government. With rapid industrial and economic development, large amounts of
pollutants were emitted into the atmosphere, leading to considerable deterioration of the air quality in
Wuxi. According to data from the Wuxi Environmental Protection Bureau, the average concentration
of ambient PM2.5 in Wuxi was 61.3 ± 28.9 µg/m3 in 2015 and 52.8 ± 27.5 µg/m3 in 2016, respectively.
Referring to the latest ambient air quality standards [31], where the annual average concentration
of PM2.5 in China is 35 µg/m3 (Grade 1st), the PM2.5 mass concentrations in Wuxi in 2015 and 2016
exceeded the standard range. Great efforts have been made to improve air quality in Wuxi in the
past decade, including elimination of small coal-fired boilers in industrial production, limitation of
production of electricity from the coal-fired power plant in urban areas, relocation of coal-fired power
plants out of urban areas, and strong encouragement of the use of public transportation. However,
few studies have focused explicitly on the chemical characteristics and source apportionment of
particles in Wuxi, especially during haze weather, making it difficult to assess whether mitigation
efforts have been targeting the right areas. Thus, more attention still needs to be paid to PM issues
in Wuxi.

In this study, we performed PM2.5 measurements in Wuxi for four seasons in 2016 at urban,
industrial, and clean sites. We report here the mass concentrations and chemical characteristics of
PM2.5 at these different function areas in Wuxi, as well as distinguish between haze and non-haze days
in each season. The CMB model is then used for source apportionment of the PM2.5 composition for
each season and site type on haze and non-haze days. Finally, we explore how these results would be
helpful for policy-makers to design control measures.
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2. Materials and Methods

2.1. Study Area and Sampling Sites

With the recent economic development, steel manufacturing, coal-fired power generation, cement,
ceramic, textile production, and electroplating have become the main industrial activities in Wuxi.
With the process of urbanization, the amount of construction and motor vehicles is also increasing
gradually. Ambient PM2.5 samples were collected daily at 11 sites including urban sites, industrial
sites, and clean sites (description and location of these sites are shown in Figure 1) in Wuxi in January
(18 January–2 February except 21 January), April (12–26), August (2–16), and October (9–23) in 2016,
representing winter, spring, summer, and autumn respectively.
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During the entire sampling period, we collected both haze and non-haze samples. Haze is defined
as an air pollution event, as well as a weather phenomenon, in which a high concentration of fine
particulate matter occurs resulting in low visibility (<10 km) at RH less than 90% [32–34]. In this study,
the daily average PM2.5 mass concentration (Moderate air pollution: >115 µg/m3) and daily average
RH (<90%) were used to determine the haze days. At each site, two PM2.5 samplers (TH-150, Wuhan
Tianhong Instrument Co., Ltd., Wuhan, China) were used simultaneously to collect fine particles for
22 h periods (from 9:00 a.m. to 7:00 a.m. next day) every day at a flow rate of 100 L/min. During
the sampling months, 15 days of ambient samples and 1 day of a blank sample were collected for
analysis. Overall, 660 sets of ambient PM2.5 samples were respectively obtained on quartz fiber filters
and Teflon filters during the study period. Meanwhile, the meteorological parameters used in this
study, including temperature, relative humidity, wind speed, and wind direction, were collected at
environmental auto-monitoring stations nearby the sites.

2.2. Chemical Analysis

Samples collected on Teflon-membrane filters were analyzed for mass and for elements, such as
Al, As, B, Ca, Cd, Cr, Cu, Fe, Ga, Mg, Mn, Ni, P, Pb, Sr, Ti, and V. An inductively coupled plasma optical
emission spectrometer (ICP-OES, Optima 5300, PerkinElmer SCIEX, USA) was used. Calibration
with reference materials demonstrates good linearity and sensitivity of the instrument. The relative
standard deviation for each measurement (repeated twice) was within 3%.

Half of each quartz fiber filter was subjected to extraction in 25 mL of deionized water (Millipore,
18.2 MΩ) in an ultrasonic bath for 30 min. The extraction liquid was filtered and subsequently measured
using an ion chromatograph (IC, DIONEX, ICS-90, USA) to determine soluble ion concentrations,
such as NO2

−, F−, Cl−, NO3
−, SO4

2−, NH4
+, K+, and Na+. The IC was periodically checked with

standard reference materials. The relative standard deviation for each measurement (repeated twice)
was within 3%. The method detection limit (MDL) and relative standard deviation (RSD) were
provided by the ion chromatography manufacturer [35].

Using the other half of each quartz filter, the concentrations of organic carbon (OC) and elemental
carbon (EC) were measured by a thermal/optical carbon aerosol analyzer (DRI, Model 2001, Desert
Research Institute, Reno, NV, USA). To make sure quartz filters were not contaminated by organic
species, these filters were pre-fired at 500 ◦C for 2 h before using and were stored at refrigerator below
4 ◦C until chemical analysis. Briefly, the analysis method is as follows: The quartz fiber filter sample
was heated stepwise at 140 ◦C (OC1), 280 ◦C (OC2), 480 ◦C (OC3), and 580 ◦C (OC4) under a pure
helium atmosphere to volatilize the OC before reaching 580 ◦C. After that, one OP fraction (pyrolyzed
carbon determined when the reflected laser light attained its original intensity after O2 was added to
the combustion atmosphere) was proceeded. Then, the sample was heated to 580 ◦C (EC1), 740 ◦C
(EC2), and 840 ◦C (EC3) in a 2% oxygen-containing helium atmosphere for EC oxidation. At each step,
the formed CO2 was catalytically converted to CH4 by a MnO2 catalyst, and the converted CH4 was
measured by a flame ionization detector [36–39]. The total carbon (TC) is calculated as OC+EC, OC as
OC1 + OC2 + OC3 + OC4 + OP and EC as EC1 + EC2 + EC3–OP. In analysis of carbonaceous matter,
the standard CH4/CO2 gas was used to calibrate the instrument before and after the analysis every
day. The standard sample was measured before analysis of each season. The experimental error of the
total carbon (organic carbon and elemental carbon) was less than 5% compared with the same analyzer
in the Desert Research Institute, United States of America (USA). The method detection limits of TC,
OC, and EC were 0.93 µg C/cm2, 0.82 µg C/cm2, and 0.20 µg C/cm2, respectively. A blank sample
was analyzed for blank subtraction. Quality control and quality assurance procedures were routinely
applied for all the elemental, ion, and OC/EC analyses.

2.3. Reconstruction of Oxidized Species

The chemical components of PM2.5 included sulfate, nitrate, ammonium, organic matter, elemental
carbon, crustal materials, trace elements, and others.
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The crustal material concentration could not be detected directly from the oxidized part of these
species. Thus, the concentration of crustal material is instead estimated as follows:

Crustal material = 2.2[Al] + 1.63[Ca] + 1.43[Fe] + 1.66[Mg] (1)

where [Al] refers to the concentration of Al measured in each sample and similarly for [Ca],
[Fe], and [Mg] [40–42].

The organic matter concentration is similarly converted from the organic carbon by scaling by
a factor of 1.6 [6,43]. We then divide the chemical species into the following categories: organic
matter (OM), crustal materials (CM), sulfate (SO4

2−), nitrate (NO3
−), ammonium (NH4

+), elemental
carbon (EC), soluble ions except sulfate, nitrate, and ammonium (O(ther)SI), and trace elements (TE).
The differences between the mass weighted by microbalance and the reconstructed above are defined
as unidentified matter (UM).

2.4. CMB Model

Source apportionment methods are commonly categorized as emission inventory, diffusion
model, or receptor model. Among these categories, receptor models have been widely used, because
they are not limited by pollution discharge conditions, weather, or terrain factors. Receptor models
include methods, such as principle component analysis (PCA) [44], chemical mass balance (CMB) [45],
and positive matrix factorization (PMF) [46]. CMB is one of the most commonly used methods for
source apportionment [8,47,48].

The basic principle of the CMB model is to solve to a linear set of equations that express the
measured receptor chemical concentrations as a linear sum of the products of source profiles and
source contributions. The EPA CMB 8.2 model [49] uses the effective variance weighted least-squares
fitting method with both pre-determined source profiles and measured ambient concentrations as
inputs, in order to estimate the source contributions and their uncertainties for individual samples.
A brief description of the mathematical principle is shown below:

Cit =
N

∑
i=1

FinSnt + Eit (2)

In Equation (2), Cit represents the ambient concentration of the i-th chemical species measured
at time t. It is equal to the sum of the contributions from N sources, in theory. Fin is the fractional
abundance of the i-th species in the n-th source (i.e. the “source profile”). Snt is the mass contribution
of the n-th source at time t; this is the unknown quantity that we wish to estimate. Eit represents
the difference between the measured and estimated ambient concentration, which the model seeks
to minimize.

Aside from the measured ambient particulate concentration and chemical composition data,
the CMB model also depends strongly on the appropriate a priori selection of local source profiles as
model input data. The source profiles of PM2.5 we used in this study included soil dust, cement dust,
ceramic dust, straw burning, coal-fired power plant, diesel vehicle exhausts, gasoline vehicle exhausts,
steel smelting, textile industry dust, electroplating, cooking smoke, construction dust, and fugitive
dust. Sources, such as soil dust, cement dust, ceramic dust, construction dust, and fugitive dust,
were collected by sweeping from the ground and were sampled with cascade impactors. The collection
of coal combustion dust, steel smelting dust, textile industry dust, and electroplating dust was
performed by taking deposits from dust control devices and then resuspending them in a chamber and
sampling with cascade impactors. An ambient air sampler was used in sampling of diesel and gasoline
vehicle exhaust, smoke from cooking, and straw burning emissions at the ground level. The profiles of
nitrate, sulfate, and sea salt were stoichiometric profiles. The sampling method and analysis of these
source profiles were described in detail in the previous work [35].
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3. Results

3.1. PM2.5 Mass Concentration

A summary of average PM2.5 mass concentrations at the11sitesduring different seasons, as well as
during haze and non-haze periods (see discussion below) is shown in Table 1. The time series of PM2.5

mass concentrations at the 11 sites during the sampling periods are shown in Figure 2. The average
PM2.5 mass concentration at the 11 sites during all the sampling periods was 50.7 ± 26.3 µg/m3.
It was 44.9% higher than the National Ambient Air Quality Standard (NAAQS), which specifies
an annual PM2.5 of 35 µg/m3 (GB3095-2012, Grade II, 2012). According to data obtained from
the Environmental Protection Bureau of Wuxi, the average PM2.5 mass concentration of Wuxi was
71.2 ± 30.3 µg/m3, 61.3 ± 28.9 µg/m3, and 52.8 ± 27.5 µg/m3 in 2014, 2015, and 2016, respectively.
Although the present level of PM2.5 is much higher than the NAAQS requirement, it is still about
13.9–25.8% lower than that in the past two years. This indicates that local government has taken
substantial measures to reduce emissions of particles and improve the air quality, but current controls
are still insufficient for the attainment of ambient air quality standards. Additionally, the accuracy of
sampled PM2.5 concentrations is verified by the consistency with the Environmental Protection Bureau
data. The variations in trend of PM2.5 mass concentrations observed at the 11 sites are consistent
during the entire study period (Figure 2).

The PM2.5 mass concentrations of the four seasons decreased as follows: winter (69.4 ± 28.1 µg/m3)
> spring (65.0 ± 24.1 µg/m3) > autumn (35.9 ± 11.3 µg/m3) > summer (32.4 ± 6.6 µg/m3). The daily
concentrations exceeded the National 24 h Ambient Air Quality Standard (75 µg/m3) on 4 (26.7%),
4 (26.7%), 0 (0%), and 0 (0%) days for winter, spring, summer, and autumn, respectively. The air
quality of summer and autumn is better than that of winter and spring. To investigate this,
we compared the meteorological characteristics with the PM2.5 concentrations during the sampling
periods. The meteorological data (see detail shown in Figure 3 and Table 2) were observed at11
automatic monitoring stations (nearby the sampling sites) operated by the Wuxi Environmental
Monitoring Center. The correlation coefficients with PM2.5 mass concentrations were −0.47, 0.33, −0.23,
and −0.16 for temperature, pressure, relative humidity, and wind speed, respectively. The correlation
coefficients of temperature and pressure with PM2.5 passed the T statistical significance test within the
95% confidence interval, indicating that temperature and pressure have the closest relationship with
particle concentrations. This means that conditions with high temperature and low pressure (typically
in summer) are more conducive to the diffusion (especially in the vertical direction) and dilution of
particulate matter. On the contrary, stable meteorological conditions in winter are more conducive to
the accumulation of particles and gas-pollutant conversion into particles.

We divided the sampling sites into three functional zones: urban sites, industrial sites, and clean
sites. The description of these site divisions is shown in Figure 1. During the entire period, the PM2.5

concentrations at the urban, industrial, and clean sites were 55.2 ± 26.0 µg/m3, 50.7 ± 27.3 µg/m3,
and 44.2 ± 23.8 µg/m3, respectively. The average PM2.5 mass concentration of clean sites was about
15.3% lower than that of urban and industrial sites. There are no obvious industrial and coal combustion
emissions within 20 km of the clean sites, so the concentrations decreased without local emissions.
However, due to the meteorological conditions and the occurrence of haze episodes, the PM2.5

mass concentrations at the urban, industrial, and clean sites in winter were 74.4 ± 29.5 µg/m3,
67.8 ± 27.1 µg/m3, and 67.1 ± 29.1 µg/m3, respectively, with the industrial sites having a smaller
discrepancy from the other two categories during this season. To understand this, we need to pay
more attention to haze episodes. We collected samples during two sets of three-day haze episodes,
which were from 18.01.2016 to 20.01.2016 and 12.04.2016 to 14.04.2016, respectively. The average PM2.5

mass concentration across all sites on haze days was 107.6 ± 25.3 µg/m3, which was 2.4 times higher
than that on non-haze days (44.4 ± 17.1 µg/m3). Therefore, it is evident that fine particles significantly
accumulated during the haze periods [50].
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Table 1. Summary of average PM2.5 mass concentrations (µg/m3) of 11sites of different seasons as well as during hazeand non-haze periods.

Site DT CN HS HB KF QY SG HQ WZ MS ZH

Type Urban Industrial Clean

Mean a 53.4 ± 26.5 b 56.9 ± 26.3 55.2 ± 25.3 44.9 ± 22.3 49.0 ± 25.2 52.6 ± 28.7 53.4 ± 32.0 53.1 ± 28.3 51.2 ± 27.0 47.2 ± 25.0 41.2 ± 22.7
Winter 76.7 ± 30.3 74.1 ± 28.8 72.3 ± 29.5 61.7 ± 29.3 64.0 ± 28.6 69.6 ± 25.1 66.3 ± 24.1 69.3 ± 25.3 75.7 ± 30.2 68.5 ± 28.6 65.7 ± 29.6
Spring 64.6 ± 21.4 69.9 ± 27.9 67.3 ± 24.8 54.9 ± 14.8 65.9 ± 23.3 73.3 ± 33.0 83.9 ± 36.2 73.2 ± 32.7 62.7 ± 21.0 58.5 ± 18.3 41.1 ± 11.6

Summer 34.6 ± 7.3 39.3 ± 6.8 38.8 ± 6.3 29.2 ± 6.2 31.8 ± 5.8 32.7 ± 5.9 30.9 ± 6.3 33.7 ± 6.6 31.1 ± 7.7 28.0 ± 7.7 26.9 ± 5.7
Autumn 37.9 ± 10.8 44.4 ± 13.2 42.3 ± 13.1 33.9 ± 11.0 34.4 ± 11.3 34.8 ± 11.2 32.7 ± 11.1 36.1 ± 11.0 35.2 ± 11.1 32.7 ± 10.6 31.1 ± 10.3

Haze 111.3 ± 24.8 115.8 ± 26.3 111.8 ± 25.2 91.2 ± 26.1 106.2 ± 22.7 116.0 ± 24.1 122.7 ± 30.2 114.8 ± 23.9 109.7 ± 24.6 100.2 ± 23.8 84.2 ± 26.1
Non-haze 47.0 ± 17.2 50.4 ± 16.2 48.9 ± 15.7 39.8 ± 14.5 42.7 ± 15.6 45.5 ± 18.9 45.7 ± 21.0 46.2 ± 18.9 44.7 ± 18.0 41.2 ± 16.7 36.4 ± 15.0

a the average PM2.5 concentrations of the whole sampling period in 2016. b standard deviation.
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Table 2. Meteorological characteristics during the sampling periods and the correlation coefficient with
PM2.5 mass.

Meteorological Parameters Correlation with PM2.5 Mass

Temperature (◦C) 17.7 ± 11.2 a −0.47
Pressure (hPa) 101.6 ± 1.1 0.33

Relative humidity (%) 74.7 ± 10.7 −0.23
Wind speed (m/s) 3.0 ± 0.7 −0.16

a standard deviation.
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3.2. PM2.5 Chemical Compositions

The most abundant chemical components in the PM2.5 overthe entire observations were OM,
SO4

2−, NO3
−, EC, and NH4

+ with mass fractions of 21.5%, 18.4%, 18.0%, 6.8%, and 6.3% of the total
PM2.5 mass, respectively (shown in Figure 4). The sulfate–nitrate–ammonium ions accounted for
a large fraction (42.7%) of the PM2.5 mass, and total carbon (OM and EC) contributed to 27.8% of
the PM2.5 mass. Comparing these results with the mass percent of compositions of PM2.5 previously
reported during haze and non-haze episodes in Beijing [40], we found that the annual mean value
of the sum of the three main ions was higher in Wuxi than in Beijing (42.7% versus 35.1%), but the
total carbon values in Wuxi and Beijing were almost the same (27.8% versus 27.5%). The higher sulfur
content of coal in southern China, with 0.51% in the north versus 1.32% in the south of China [51],
could be the reason for the higher contribution of sulfate in Wuxi (18.4%) than Beijing (14.7%). However,
we found that the annual mean concentration of sulfate of PM2.5 in Wuxi was lower than in Beijing
(9.31 µg/m3 versus 9.87 µg/m3). This might result from the fact that the amounts of coal consumption
were larger in the Beijing-Tianjin-Hebei region than in Yangtze River Delta. The OC/EC mass ratio,
which has been used to identify the presence of secondary organic aerosols, was 2.0, suggesting that
there were secondary organic carbon formations [52]. However, the annual mean ratio of OC/EC
in Wuxi is lower than that in Shanghai (2.6) or Beijing (3.0) [53]. The unidentified matter (UM) of
the whole sampling period was about 15.6%. It is worth mentioning that one of the most abundant
elements in the crust, Si, had not been analyzed in this study; this might partly account for the relatively
high proportion of unidentified matter.

Crustal materials and trace elements in total account for approximately 8% of PM2.5 mass.
The abundance of Ca in PM2.5 mass was 1.78 ± 1.19 µg/m3, the highest among crustal materials
and trace elements. Comparing the mass concentrations of Ca among urban sites, industrial sites and
clean sites, we found that it was highest in urban sites (2.02 ± 0.61 µg/m3), followed by industrial sites
(1.72 ± 0.81 µg/m3), and clean sites (1.58 ± 0.51 µg/m3). Similar patterns appeared in other crustal
materials. Because no obvious dust storms occurred during the entire campaign period, observations
of enhanced geological material in urban sites could instead be a consequence of increasing local
construction activities. The characteristics of soluble ions and carbonaceous materials in different
seasons, at different site types, as well as during haze and non-haze days, are discussed in detail
below (Sections 3.2.1 and 3.2.2). Table S1 describes the concentrations of chemical components of PM2.5

during all the sampling periods.
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soluble ions except sulfate, nitrate and ammonium (O(ther)SI), trace elements (TE), and unidentified
matter (UM).

3.2.1. Water-Soluble Ions

Water-soluble ions, such as NO2
−, F−, Cl−, NO3

−, SO4
2−, NH4

+, K+, and Na+, are important
chemical components in PM2.5. All of these species combined accounted for 48.3% of PM2.5 mass
across the whole campaign. Inorganic secondary ions (i.e. sulfate, nitrate, and ammonium oxidized
from their primary precursors) were the most abundant ions, accounting for 88.4% of all the detected
ions. The mass contribution of SO4

2− to the PM2.5 mass showed a seasonal variation and increased in
the following order: autumn (12.6%) < winter (14.5%) < spring (18.2%) < summer (33.5%). SO4

2− is
produced from oxidation of SO2, and the availability of oxidants such as OH depends on solar radiation
intensity and temperature. Therefore, in summer, sulfur dioxide is more readily converted to sulfate
due to higher photochemical production of oxidants and the higher temperature-dependent reaction
rates. This result of higher fractions of SO4

2− in summer is also consistent with the seasonal variability
of SO4

2− previously observed in PM2.5 in Beijing [27].
The mass fractions of NO3

- in observed PM2.5 mass also varied with the seasons in the following
order: winter (23.2%) > spring (22.0%) > autumn (13.4%) > summer (4.0%). Because nitrate is highly
volatile at high temperatures, and under cold and high humidity conditions, the formation of nitrate is
much easier. Furthermore, sulfate, nitrate, and ammonium contributed much more on haze days than
on non-haze days. The concentrations of sulfate, nitrate, and ammonium on haze days were about
13.6%, 33.0%, and 143.2% greater, respectively, than those on non-haze days.

The NO3
−/SO4

2− mass ratio were used to determine the relative importance of sulfur and
nitrogen in the atmosphere. The ratio of NO3

−/SO4
2− was highest in winter (1.60) and lowest in

summer (0.12) and showed the sequence from mostto leastin winter (1.60), spring (1.21), autumn (1.06),
and summer (0.12), suggesting a significant contribution of sulfate in summer and nitrate in winter.
Because nitrate is easily volatile at high temperature, and under cold and high humidity conditions,
the formation of nitrate is easier. In the contrast, sulfate formation is favored in summer because of the
higher temperature, which is more conducive to the conversion from sulfur dioxide to sulfate.
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3.2.2. Organic and Elemental Carbon

Carbonaceous materials are the sum of elemental carbon and organic matter. Elemental carbon
originates from primary incomplete combustion processes. Organic carbon is from both primary
emission and secondary formation. Though a conversion factor from OC to OM (organic matter)
can vary with many factors, such as season, emission source, and atmospheric process, in this study
a factor of 1.6 is used based on previous studies [6,43].

The mass concentrations of OM of the PM2.5 decreased with the seasons in the following order:
winter (17.3 ± 6.4 µg/m3) > spring (11.7 ± 4.0 µg/m3) > summer (8.4 ± 2.6 µg/m3) > autumn
(6.2 ± 2.6 µg/m3). This indicates that the more stable meteorological conditions in winter are more
conducive to the secondary formation of organic matter. The higher concentrations of organic aerosol in
winter were also discussed in previous work, not only in China but also in some European cities [54,55].
OM accounted for 22.6%, 21.5%, and 17.7% of PM2.5 mass at industrial sites, urban sites, and clean
sites, respectively. The concentrations of OM at industrial sites and urban sites were also about 46.8%
and 52.1% higher than that at clean sites. This suggested that, as well as the secondary formation of
organic matter, primary emissions of organic matter at industrial and urban sites also contributed
significantly. We also found that OM was the most abundant component in fine particles on haze days,
accounting for 35.7% of the total PM2.5 mass on these days. On non–haze days, OM only accounted
for 20.2%. The total concentration of OM on haze days (38.5 ± 5.4 µg/m3) was more than four times
higher than that on non-haze days (9.0 ± 5.4 µg/m3), suggesting that organic matter played a key role
in PM2.5 formation on haze days. Such an observation suggested that on haze days in Wuxi, organic
matter played a dominant role in haze formation.

The mass concentrations of EC in the observed PM2.5 varied with the seasons in the following
order: winter (4.8 ± 2.3 µg/m3) > spring (4.0 ± 1.8 µg/m3) > autumn (2.7 ± 1.2 µg/m3) > summer
(2.3 ± 1.0 µg/m3). The origination of EC reflected the primary incomplete combustion processes
and was also consistent with vehicle emissions. In a similar trend to OM, EC accounted for 7.1%,
6.7%, and 5.8% of PM2.5 mass at industrial sites, urban sites, and clean sites, respectively. This indicated
that, as expected, there were few primary emissions at clean sites, and the secondary formation of fine
particulate matter could be the dominant contribution to PM2.5 at clean sites. EC accounted for 11.4%
and 5.5% of the total PM2.5 mass on haze days and non-haze days, respectively. The concentration
of EC on haze days (12.3 ± 2.1 µg/m3) was nearly five times higher than that on non-haze days
(2.5 ± 1.1 µg/m3). This suggested that during the haze episode under low temperature, high pressure,
breeze, and high humidity, elemental carbon could accumulate more easily.

The average OC/EC mass ratio of PM2.5 ranged from 1.44 to 2.28 over the different seasons.
In winter and summer, the ratios of OC/EC were 2.25 and 2.28, respectively. However, in spring and
autumn, the ratios of OC/EC were under 2. This indicated that there was significant secondary organic
carbon formation in winter and lower primary emission of EC in summer. During the winter sampling
period, the meteorological conditions were more conducive to the accumulation and aging of particles.
Across the whole sampling period, the average ratios of OC/EC were 2.00, 2.00, and 1.90 at industrial
sites, urban sites, and clean sites, respectively, suggesting the secondary generation process was largely
the same at different sites. Due to the highest elemental carbon concentration on haze days, the OC/EC
was slightly lower at 1.96 during haze episodes, suggesting that there may have been a slight shift
towards more primary emissions on haze days. There is a large part of secondary organic aerosol in
organic carbon, and it should be separated from primary emissions. In this study, the minimum value
of OC/EC for each season and site type was calculated to determine the secondary organic carbon
(SOC) as follows.

CSOC = CTOC − CEC × (OC/EC)min (3)

In Equation (3), Csoc represents the concentrations of secondary organic carbon, TOC means
the total organic carbon, and EC represents the elemental carbon. The concentration of SOC was
converted to secondary organic matter by a factor of 1.6 [6,41]. The minimum ratio of OC to EC was
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0.84, 1.33, 0.40, and 0.29 in spring, summer, autumn, and winter, respectively. Calculating with the
minimum ratio of OC to EC and the conversion factor from SOC to SOA, the average concentrations of
SOA were 6.44, 3.52, 4.49, and 15.09 in spring, summer, autumn, and winter, suggesting an increasing
of SOA in cold weather and that OM contained larger proportion of SOA in winter.

3.3. Source Apportionment by CMB Model

Source contributions to PM2.5 were calculated using the CMB model for daily samples during the
study period. A total of 15 kinds of source profiles (soil dust, cement dust, ceramic dust, straw burning,
coal-fired power plant, diesel vehicle exhausts, gasoline vehicle exhausts, steel smelting, textile industry
dust, cooking smoke, construction dust, secondary sulfate, secondary nitrate, sea salt, and fugitive
dust) were used as model inputs for the CMB calculations. Meanwhile, a total of 27 chemical species,
such as Al, As, B, Ca, Cd, Cr, Cu, Fe, Ga, Mg, Mn, Ni, P, Pb, Sr, Ti, V, NO2

−, F−, Cl−, NO3
−, SO4

2−,
NH4

+, K+, Na+, OC, and EC, as well as ambient PM2.5 mass, were used as input data for the CMB
source apportionment analysis. The CMB model was run for all the four seasons of each site separately.
Finally, we obtained 11 sets of CMB results; each set had 60 (4 seasons× 15 days/season) samples.
Most of the different source emissions could be found in all the areas in Wuxi. But, some profiles were
gathered in specific locations in Wuxi; for instance, the cement and ceramic industries were almost
all located in the south of Wuxi, and the textile industries were mainly located in the north of Wuxi.
So, in this study, profiles of cement dust and ceramic dust were only used for the measurements made
at Kaifaqu (KF) and Huanbaoju (HB), and additionally, profiles of textile industry dust were only used
for the measurements at Qingyang (QY), Shengang (SG), and Hongqiao (HQ).The resulting source
contribution estimates (SCEs) of PM2.5 are summarized in Table 3, and the contribution fractions of
different source emissions to the measured PM2.5 are also shown in Figure 5.

Table 3. Average source contribution estimates (SCEs) of PM2.5 mass concentrations using chemical
mass balance (CMB) models (µg/m3).

Winter Spring Summer Autumn Industrial Urban Clean Haze Non-Haze

straw burning 1.03 0.73 0.37 0.71 0.76 0.75 0.51 1.11 0.64
coal combustion 7.34 6.38 2.25 3.63 5.53 5.09 3.37 8.56 4.48

construction 1.09 1.92 1.51 0.99 1.20 1.76 1.35 0.79 1.31
soil 2.05 2.40 0.54 1.49 1.60 1.85 1.32 2.47 1.46
steel 3.87 2.74 1.40 2.09 2.82 2.80 1.90 4.13 2.38

fugitive 3.14 4.55 0.87 1.90 2.85 2.49 2.09 3.62 2.38
cooking 0.52 0.43 0.22 0.48 0.41 0.49 0.30 0.60 0.37

gasoline vehicle 2.99 2.57 1.83 3.09 1.98 3.81 2.04 3.77 2.23
diesel vehicle 3.35 2.86 1.98 3.13 2.13 4.16 2.25 3.81 2.43

sulfate 7.65 12.40 11.10 4.77 9.54 8.53 8.00 24.70 7.65
nitrate 6.60 15.27 1.53 5.50 7.87 7.27 5.27 20.19 6.10
Sea salt 1.18 0.83 0.43 0.81 0.87 0.85 0.58 1.66 0.71

SOA 15.09 6.44 3.52 4.49 7.69 7.99 5.38 20.22 7.76
ceramic 0.63 0.55 0.14 0.23 1.49 – – 1.76 0.71
cement 0.67 0.59 0.15 0.18 1.52 – – 1.88 0.72
textile 0.14 0.35 0.40 0.10 0.93 – – 0.31 0.48
others 12.25 4.02 4.21 2.30 1.43 7.36 9.66 8.02 4.15

Considering the average source contributions in Wuxi during the entire sampling period (Figure 5),
the contributions from primary emissions accounted for 42.4%, and those from the secondary formation
processes contributed 49.0% to the total PM2.5 mass. The other 8.6% were from undefined source
emissions. Secondary sulfate (17.7%), secondary organic carbon (17.1%), and secondary nitrate (14.2%)
were overall the dominant sources of PM2.5 in Wuxi. The emissions from dust sources, including
construction dust, soil dust, and fugitive dust, accounted for 11.1% of the total PM2.5 mass in Wuxi,
indicating the influence of local construction activities to the primary fine particles. Compared with
the contributions of dust previously observed in Xi’an [5] and Nanjing [21], the contribution of dust
was lower in Wuxi (11.1%, measured in 2016) than that in Xi’an (19.4%, measured in 2010) and was
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similar to Nanjing (10.1%, measured in 2014).The sum of diesel vehicle exhausts and gasoline vehicle
exhausts contributed 10.8% to PM2.5. Because vehicle exhausts could contribute to secondary aerosols,
such as sulfate, nitrate, and secondary organic carbon, the contribution of vehicle exhausts could
be underestimated. But, comparing with the contribution of vehicle emissions observed in Xi’an
(21.3%) and in Beijing (19.6%) [39], the contribution of vehicle exhausts in Wuxi was much lower.
This suggested that despite Wuxi being a major city in the Yangtze River Delta, the car density was not
particularly large when compared with these other major cities in China. The next largest emission
source was coal combustion, which accounted for 9.7%, indicating that coal combustion was also
an important emission in Wuxi. The local industries of cement, ceramic, and textile accounted for 0.8%,
0.8%, and 0.5% of the total PM2.5, suggesting that the influences of these local industries existed but
were not significant.
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3.3.1. Variation in Seasons and Sites

The source contribution estimates (SCEs) for different seasons varied significantly (shown in
Table 3). The contributions of dusts, including fugitive dust, construction dust, and soil dust, for the
different seasons ranging from large to small were spring (8.87 µg/m3), winter (6.28 µg/m3), autumn
(4.38 µg/m3), and summer (2.92 µg/m3). In spring, the dusts contributed the largest out of the four
seasons, indicating more soil dust coming from bare ground in spring and the influence of dust from
the north of China. In the contrast, dust contributed only 2.92 µg/m3 in summer, reflecting that Wuxi
is a highly verdant city with little bare soil in summer. The SCEs of coal combustion, steel smelting and
SOA had the same seasonal variation trend, showing winter > spring > autumn > summer, suggesting
the meteorological conditions were conducive for the accumulation of particles both from primary
emissions and organic secondary formation in winter. The SCE of secondary nitrate was highest
in spring (15.27 µg/m3) and lowest in summer (1.53 µg/m3). The reasoning was similar to that of
the mass fractions of NO3

− of the total PM2.5 mass—that under cold and high humidity conditions,
nitrogen oxide was easily converted to nitrate. The SCE of secondary sulfate showed the order of spring
(12.40 µg/m3) > summer (11.10 µg/m3) > winter (7.65 µg/m3) > autumn (4.77 µg/m3). The vehicle
exhausts, including both gasoline and diesel, showed a higher SCE in autumn than other seasons,
suggesting that necessary control measurements should be focused on vehicle exhausts in autumn.

The source contribution estimates (SCEs) for urban, industrial and clean sites showed significant
differences (shown in Table 3). The dusts, such as fugitive dust, construction dust, and soil dust,
showed similar contributions at urban and industrial areas, which were 6.09 µg/m3 and 5.66 µg/m3,
respectively. The SCE of dusts at clean sites (4.76 µg/m3) was slightly lower, consistent with the
lack of urbanization activities around the clean sites. For other source emissions, we also found that
SCEs were consistently lower at clean sites, as would be expected. The SCEs of coal combustion and
steel smelting were both higher at industrial sites than those at urban sites, suggesting that primary
emissions of these industries made the greatest influence on the immediate local areas. Conversely,
SCEs of vehicle exhausts and cooking smoke showed higher values at urban sites than at industrial
sites, due to the densities of cars, traffic jams, and restaurants in downtown areas. Secondary nitrate
and secondary organic carbon both showed similar SCEs at urban and industrial sites. However,
the SCEs of secondary sulfate showed somewhat higher values at industrial sites than at urban sites.
This is because of the large amount of emissions of SO2 from coal combustions at industrial sites,
which could convert to sulfate locally.

3.3.2. Variation between Haze and Non-Haze Days

Most SCEs of the source emissions on haze days were higher than on non-haze days, except for
construction dust and textile industry emissions (shown in Table 3). The SCEs of primary sources,
such as soil dust, cement dust, ceramic dust, straw burning, coal-fired power plants, diesel vehicle
exhausts, gasoline vehicle exhausts, steel smelting, cooking smoke, and fugitive dust were 1.7,
2.6, 2.5, 1.7, 1.9, 1.6, 1.7, 1.7, 1.6, and 1.5 times larger than those on non-haze days. However,
the SCEs of secondary sources, such as secondary sulfate, secondary nitrate, and secondary organic
aerosols, were 3.2, 3.3, and 2.7 times larger than those on non-haze days. The resulting average
concentration of total PM2.5 on haze days was 2.4 times larger than on non-haze days, meaning
that the relative contribution fractions of primary source emissions were mostly lower on haze
days than that on non-haze days. Instead, the relative contributions of secondary sulfate, secondary
nitrate, and secondary organic aerosols were substantially larger on haze days than on non-haze
days. This indicated that under typically cold haze days with high relative humidity, secondary
particulate matter formation was the dominating reason for the much higher concentrations of particles.
These parts of PM2.5 could be the secondary generations mainly from coal combustions, vehicle
exhausts, and industries under the certain meteorological conditions we mentioned above. Meanwhile,
the accumulation of fine particles emitted from primary sources was still an important contribution to
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haze formation. Thus, strict control measures, particularly on gaseous precursor emissions, as well as
primary particles from coal combustion, vehicles, and industries are required on haze days.

4. Conclusions

PM2.5 concentrations and chemical compositions were sampled and analyzed during four seasons
at 11 sites in 2016 in Wuxi. The annual average concentration of PM2.5 was 50.7 ± 26.3 µg/m3, which
was higher than the National Ambient Air Quality Standard (Grade II) of China. Through the analysis
of 17 kinds of elements and eight kinds of soluble ions and carbonaceous materials, we found that OM,
SO4

2−, NO3
−, EC, and NH4

+ were the dominant chemical species in PM2.5 during this observation
period, accounting for 21.5%, 18.4%, 18.0%, 6.8%, and 6.3% of the total PM2.5 mass, respectively.
However, these main chemical components varied significantly in different seasons and site types.
The mass fraction of SO4

2− washighest in summer (33.5%), and the mass fractions of NO3
− were

highest in winter (23.2%) and lowest in summer (4.0%). The mass concentrations of OM and EC were
also highest in winter, indicating the secondary formation of organic matter. This study showed that
OM and EC were the most abundant components in fine particles on haze days.

The contributions of emission sources to the ambient PM2.5 in Wuxi were calculated using the
CMB model. During the entire sampling period, secondary sulfate (17.7%), secondary organic aerosols
(17.1%), and secondary nitrate (14.2%) were the largest three contributions of different sources for all
the 11 sites. The results showed that the dusts made the largest contribution (8.87 µg/m3) to PM2.5 in
spring. The secondary organic aerosols, coal combustion, and steel smelting were higher in winter than
in other seasons. The SCE of secondary nitrate was highest in spring and lowest in summer. We also
found that the SCEs of secondary sources, such as secondary sulfate, secondary nitrate, and secondary
organic aerosols, on haze days were much higher than on non-haze days.

For industrial sites, the SCEs of sulfate, nitrate, coal combustion, and steel smelting were highest
among the three site types, indicating that primary emissions from industrial enterprises, coal-fired
power plants, and secondary inorganic aerosol formation processes were the dominating sources
at industrial areas. For urban sites, the SCEs of gasoline vehicle exhausts, diesel vehicle exhausts,
construction dust, secondary organic aerosols, and cooking smoke showed the highest values among
the three site types, indicating that the exhausts from vehicle, the dust produced by urban constructions,
the secondary formation of organic aerosols, and the exhausts from cooking were the dominating
sources at urban areas. For most of the source emissions, the SCEs were lower at clean sites than at
industrial and urban sites. However, the CMB results of different seasons and site types, especially in
winter and at clean sites also showed that considerable percentages of emissions were unidentified.
More scientific work needs to be done to resolve this.

So, we should make controls for different kinds of sources at different function areas. Strict control
measurements of coal combustion and industrial waste gas emissions at industrial areas are needed.
Reducing urban construction activities and encouraging the use of public transportation and new
energy vehicles at urban areas are also necessary changes. The results of this paper will have advisory
value for local governments to create efficient policies to reduce air pollution.
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