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Abstract: Samples of PM, 5 were collected at three urban sites and one rural site simultaneously in Chongqing, the only
megacity in eastern Sichuan Basin, Southwest China, from October 15 to November 13, 2015. Water-soluble ions
(WSls, i.e., F7, CI', NOs~, SO, K*, Na*, NH,", Mg® and Ca”") in PM, s were measured to investigate their characteristics
and formation pathways. The average concentrations of PM,s at the urban sites were 55.5-59.0 yg m™>, which was
62.8-73.0% higher than that at rural site. SO,>, NO;, NH," were the dominant ions, contributing to more than 90% of
total WSIs. The coefficients of divergence for SO,* between the urban and rural sites were 0.15-0.17, indicating its
relatively uniform distribution across Chongging. Analysis of the formation mechanisms of SO,> and NO; in PM,s
suggested that the heterogeneous reaction was responsible for the high concentrations of sulfate among the four sites,
whereas nitrate was formed mainly through homogeneous reactions at the urban sites. Furthermore, the results of
trajectory clustering showed that the air pollution were mainly from local sources within the basin. Our findings on PM, 5
composition in Chongqing help to advance the knowledge on PM, 5 pollution in Chinese megacities, and to provide more

evidence for further pollution mitigation.
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1. INTRODUCTION

Fine particulate matter with diameter of 2.5
micrometers or less (PM,5) is of wide public concern.
The chemical compositions of PM,s are closely
associated with its effects on human health and
atmospheric visibility [1]. Water soluable ions (WSIs)
are major components of PM, 5, accounting for up to
60-70% of PM,s mass in some cities [2, 3]. Sulfate
(8042_), nitrate (NOs) and ammonia (NH,") are
secondary inorganic aerosols (collectively known as
SNA) and are the dominant ionic species in PMys,
accounting for more than 80% of total WSIs [2, 4, 5].
Due to their strong hygroscopicity, SNA have
significant influence on extinction coefficient and
atmospheric visibility [6-8]. Also, acidic components
(i.e., S04 and NO3) and alkaline species (i.e., NH;")
determine the acidity of PM, 5, a chemical feature that

*Address correspondence to these author at the Department of Environmental
Science and Engineering, Sichuan University, Chengdu, 610065, China;

Tel: +86-28-8540-4973;

E-mail: fmyang@scu.ac.cn; tianmi628@cqu.edu.cn

*Contributed equally with the first author to this work

E-ISSN: 2311-8741/20

can bring greater impact on the ecosystem and
environmental conditions through acid deposition [9].

Chongging, nicknamed as the “mountain city”, is
located in the eastern margin of Sichuan Basin, which
is surrounded by 1000-3000 meters high mountains
and plateaus. Due to local topography, the average
near-surface wind speed in Chongqing is 0.7-1.7 m/s
and the annual average temperature is ordinarily above
18 °C [10]. Additionally, rainfall between May and
September accounts for 70% of annual precipitation.
Thus, humidity is high (annual average: > 70%) in
Chongging, attributed by the abundant water resource
and warm weather. These specific geographical and
meteorological conditions favor the accumulation of
pollutants, potentially contributing to the formation of
secondary particulate matter. Though strict emission
controls have been implemented all around China
since 2013 [11], primary particulates and gaseous
precursors emissions remain at a high level in
Chongging. For example, the emissions of SO,, NOx,
fume and dust from industry in 2014 in Chongging were
47.5x10* tons, 23.4x10* tons, 21.5x10* tons,
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respectively, ranking first among 31 provincial capitals
and direct administrative cities in China [10, 12].
Persistent high pollutant emission plays a critical role in
the mass concentration and ionic composition of PM, 5
in Chongging.

In this study, PM,s samples were collected at four
sites in Chongqging between October and November of
2015. The samples were analyzed for mass
concentrations and chemical compositions. The spatial-
temporal variability of SNA and the formation
mechanisms of SO,* and NO;~ were investigated to
understand the characterization of PM, 5 and its major
ionic species. In addition, cluster analysis of backward
trajectories was applied to identify the possible
transport pathway of air pollution in Chongging.

2. MATERIALS AND METHODS

2.1. Sampling Sites

Aerosol sampling was conducted at four sites in
Chongging, including three urban sites, Jiefangbei
(JFB), Shapingba (SPB), Yubei (YB), and one rural
background site, Jinyun Mountain (JY), from October
15 to November 13, 2015 (Figure 1). The sampling site
at JFB is located on the roof of the Second Affiliated
Hospital of Chongqing Medical University, which is
located at the center of Chongqing city surrounded by
densely populated business districts. SPB site is
located on the roof of the Seventh Middle School of
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Figure 1: Locations of sampling sites in Chongging.

Chongging, which is located in a mixed zone area
comprised of schools, commercial buildings and
residential buildings. YB site is located on Huangshan
road (a main road) and close to highways (within 200
meters), which is surrounded by densely occupied
office buildings. The rural site (JY) is located on the top
of an abandoned hotel at Jinyun Mountain with
flourishing vegetations, which is located approximately
35 km northwest of Chongqing city center and 5 km
away from the nearest town (Beibei) [13].

2.2. Sample Collection and Analysis

PM, s samples were simultaneously collected from
all four sites on both quartz (Whatman, England) and
Teflon filters (Whatman, England) from12:00 am to
10:00 am the next day with two mini volume samplers
(Table 1). The hourly data of PM,5, PMyo, gaseous
pollutants (SO,, NO,, O3, and CO) and meteorological
parameters for JFB, SPB and JY sites were also
obtained from Chongging Ecology and Environment
Bureau.

PM,s mass concentrations were obtained by
weighing the Teflon filters before and after sampling
using an electronic microbalance with a sensitivity of
+0.001 mg (Sartorius MES5-F, Germany). Before
weighing, the sample filters were equilibrated at a
temperature of 205 °C and at a relative humidity (RH)
of 40£5% for 24 hours.
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Table 1: Brief Introduction of PM, s Samplers

JFB

SPB YB JY

Partisol 2000i air samplers

Quartz filter | Model | " g6 Scientific, USA)

URG 3000ABC aerosol
sampler (URG, USA)

frmOmni Ambient air
sampler (BGI, USA)

Partisol 2000i air samplers
(Thermo Scientific, USA)

samplers
Flow rate 16.7 L/min 16.7 L/min 16.7 L/min 5 L/min
) Model frmOmni Ambient air URG 3000ABC aerosol frmOmni Ambient air frmOmni Ambient air
Teflonlfllter sampler (BGI, USA) sampler (URG, USA) sampler (BGI, USA) sampler (BGI, USA)
samplers
Flow rate 5 L/min 16.7 L/min 5 L/min 5 L/min

One-fourth of each quartz filter was cut to analysis
water-soluble ions. Five cations (Na*, K*, NH,*, Mg®*,
and Ca®") and four anions (F~, CI", NO;~, and SO,)
were determined by ion chromatograph (IC, Dionex
600, US). The detection limits were determined as the
mean filed blank concentrations plus three times the
standard deviation (30) of the field blanks [14], which
corresponds to a range of 0.009-0.022 mg/L for anions
and 0.005-0.090 mg/L for cations. Quality assurance
and quality control (QA/QC) procedures for sample
pretreatment, instrument analysis, and data processing
followed our previous study [15].

2.3. Pearson Correlations and Coefficients of
Divergence

Pearson correlations and coefficients of divergence
(COD) have been used to evaluate the spatial
distribution of SNA among different sampling sites [16].
The COD is calculated as follows:

CODjk=1si=1sNij-NikNij+Nik2 (1)

Where N; and Ni represent the concentration of i
species measured at site j and k, and s is the number
of samples. Generally, COD<0.2 indicates a relatively
similar spatial distribution [15, 17].

2.4. In-Situ Aerosol Acidity

Aerosol acidity is an important parameter
influencing atmospheric chemistry and physics [2]. In
general, both total acidity ([H'Jow) and in-situ acidity
([H"lin-situ) Were used as indicators of aerosol acidity [2,
9]. [H']wtal is the absolute acidity of aerosol, determined
by total acids in aqueous extracts of filter samples.
[H']nsitw is the actual acidity in the deliquesced aerosol,
which influences the complex real-time reactions in
atmospheric chemistry. [H'lww Was calculated using
the following equation:

[H+]total=2x[S042—]+NO3——[NH4+] (2)

where the mole concentrations of all the parameters
was used.

In-situ acidity was estimated by AIM-Il (Extended
Aerosol Inorganic Model Il) in the mixing system H'—
NO; —S0,7—NH,"—H,0 [18]. The AIM-Il is a state-of-
art model, which can estimate aerosol acidity,
aqueous-phase and solid-phase ionic components in
the in-situ aerosols at variable temperature and RH
[19]. The model input of AIM-II includes temperature,
RH, [SO,%], [NOs], [NH4'] and [H'Jwtw. It should be
noted that this model neglects the influence of organics
on water uptake and on the partitioning of the inorganic
species [20]. The aerosol pH was calculated as:

pH=—logaH+=—logyH+x[H+]in—situx1000xp/m (3)

where aH+ is the activity of aqueous phase H' in the
particle in the unit of mol/L, yH+ is the activity
coefficient of [H'nsiu, [H'lnsitu i the concentration of
free aqueous phase H" in the unit of mol/m?, p is the
aerosol aqueous phase density in g/cm3, and m is the
sum of mass concentrations of all ionic solutes in the
aqueous phase plus. The parameters, i.e., p, v, [H'Jin-
siv and aerosol liquid water content (LWC), are derived
from AIM-II model.

2.5. Air Mass Back-Trajectory Cluster Analysis

To better understand the influence of regional
transport on air pollution in urban Chongging, 48-hour
backward trajectories for JFB site were calculated
using the TrajStat software [21, 22]. The meteorological
input was adopted from the National Oceanic and
Atmospheric Administration (NOAA) Air Resource
Laboratory Archived Global Data Assimilation System
(GDAS) [23]. The trajectories started from 2:00 UTC
(10:00 local time) during the sampling period, which is
consistent with the end time of each sampling day.
Considering the planetary boundary layer height of
Chongging was generally low, the arrival heights of all
the trajectories were set at 300 meters above ground
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level [4]. Cluster analysis was also applied to identify
the common atmospheric transport pathway arriving at
JFB site.

3. RESULTS AND DISCUSSION

3.1. Concentration and Composition of PM, 5

The concentrations of PM, 5 and nine water-soluble
ions at all four sampling sites in this study are
summarized (Table 2) and the daily trends of PM,s
mass concentrations and major ionic species are also
depicted (Figure 2). The daily concentrations of PM, 5
varied similarly at all the three urban sites with their
average concentrations ranging from 555 to 59.0
pg/m3, which were 62.8 to 73.0% higher than that at
the rural site (34.1 pg/m3). PM,s mass concentration at
rural JY was substantially lower than that measured a
decade ago (105 pg/m°) [24], which should be
attributed to the municipality’s continued efforts to
improve air quality in recent years. As shown in Figure
2, PM, 5 concentration peaked at 101 pg/m3 on October
24 at JFB when SO, concentraton was at the

highest, while the highest concentrations of NO3;~ and
NH," were observed on October 19.

Among the three urban sites, the average
concentrations of total WSIs was 21.5-23.8 pg/m3,
accounting for 38.8-40.8% of PM,s. Rural JY site
reported the lowest average concentration of total WSI
(14.9 pg/m3), and this concentration ranks the highest
in terms of percentage contribution to PM,5 (43.5%).
S0,*, NO;™ and NH," were the major components of
WSIs, and the total concentration of these three ions
contributed to more than 90% of total WSIs among the
four sampling sites. SO~ (8.09-10.1 pg/m3) was the
most abundant ionic species, followed by NO3;™ (3.39—
6.13 pg/m® and NH," (2.48-5.53 pg/m°), which is
similar to our previous studies in urban and rural areas
of Chongging conducted in autumn 2014 [13, 25]. The
average concentrations of SO,* in urban Chongging
are significantly lower than that in autumn 2012
(average: 15.4 pg/m’), whereas NO;™ and NH," are
comparable to those during the same period (8.4 and
6.9 pg/m3, respectively) [26]. The sharp decrease in

Table 2: Summary of Water-Soluble lons and Acidity in PM25 and Meteorological Data among Four Sites in Chongging

JFB SPB YB Jy
PMy 5 (ug/m®) 57.1+19.5 59.0+19.9 55.5+17.4 34.1£13.6
SO (ug/im®) 9.93+4.71 10.1+4.69 9.52+4.31 8.09+3.16
NO; ™ (ug/m®) 6.13+3.80 6.0143.12 5.40+3.03 3.39+1.69
NH," (ng/m®) 5.53+2.95 5.01+2.42 4.862.28 2.41+1.54

F(ug/m®) 0.04+0.02 0.03+0.02 0.04+0.03 NA®
CI (ug/m®) 0.8620.70 0.67+0.46 0.44+0.31 0.24+0.12
Na" (ug/m°) 0.62+0.22 0.60£0.30 0.53+0.16 0.51+0.39
K (ug/m®) 0.60£0.27 0.67+0.28 0.55+0.24 0.30£0.23
Mg® (ug/m®) 0.03+0.01 0.03+0.02 0.03+0.01 0.01£0.05
Ca® (ug/im®) 0.08+0.09 0.1240.09 0.1740.12 0.08+0.21
Total ions (ug/m°) 23.8+11.5 23.39.88 21.5+8.96 14.9+5.75
SNA/ Total ions (%) 90.1+2.50 90.4+2.99 90.9+3.76 93.2+2.94
Total ions/PMs.s (%) 40.8+11.4 39.4+9.46 38.8+10.3 43.5+7.67
NO; /SO, (mass ratio) 0.65+0.30 0.64+0.30 0.62+0.32 0.45+0.23
[H Jotar (nMol/M®) 14.8+16.2 30.8+21.4 19.8+8.67 90.7+33.7
[H Tnsie (Nol/M®) 3.14%7.39 5.84+5.74 4.64+2.98 41.5+29.3
[HSO,] (nmol/m®) 11.7+10.0 25.1£17.0 15.2+7.14 46.4+10.5
pH 0.81+0.99 0.92+0.76 1.01+0.65 “0.1120.50
LWC (ug/m®) 8.0945.02 28.5+23.0 33.5+29.6 29.2+16.0
T(C) 19.5+2.89 18.6+2.83 16.8+3.26 14.4+3.49
RH (%) 71.0£8.14 77.4+7.50 81.6£10.7 80.3+10.4

"*not detected in this study."
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Figure 2: Daily variations of (a) PM25 and (b-d) major ions among the four sampling sites.

SO,” could be the result of the systematic installation
of desulphurization system as part of the “Air Pollution
Prevention and Control Action Plan” started in
September 2013 [11].

The concentrations and temporal variations of SNA
were similar among three urban sites, while lower
concentrations were observed at JY site with slightly
different temporal variation (Figure 2). As listed in
Table 3, significant correlation (r>0.85, p<0.01) and
extremely low COD values (0.05-0.13) were found for
SNA among three urban sites, suggesting similar
emission, accumulation and removal processes of
those secondary ions in different areas of urban
Chongging. Meanwhile, relative high correlation
coefficients (r=0.79-0.80, p<0.01) and low COD (0.15—
0.17) for S0O4* were observed between urban and rural
sites. It suggests that SO,> was homogeneously
distributed regionally covering both urban and rural
Chongging. This is consistent with the spatial uniformity
of annual average concentrations of SO, in 2015 (13-
18 pg/m3) over the nine urban districts with a whole
area of about 5470 km?® [27]. However, the high COD
values (0.27-0.43) of NO;  and NH," between urban
and rural sites might be influenced by the different
contributions of local sources and different formation
mechanisms of these species (see further discussion in
the following sections).

3.2. Stoichiometric Analysis of Cations and Anions

As shown in Figure 3(a), strong correlations (r>0.98,
p<0.01) were found between total anion equivalents
(> anions) and total cation equivalents (3 cations) with
slope of the linear regressions (1.01-1.07) closed to
1.00 among the three urban sites, suggesting the
aerosols were neutral in urban Chongging. In contrast,
a lower regression slope (0.73) was observed at JY
site, demonstrating a deficiency of cations, which
should be related to the acidic aerosols in rural
Chongging.

NH," is the protonation product of NH; and is the
most abundant cation in aerosols. Generally,
NH, exists in the forms of (NH4),SO4, NH,HSO,4, and
NH4NO; in PM,s, and much NH," exists in the aerosol
in the forms of (NH4),SO4 or NH;HSO, due to their
stability and low volatility compared to NH;NO; [7].
Figure 3(b) showed significant correlations between
2[8042_] and [NH,’] (equivalent concentration, peq/me’).
Almost all the points at the urban sites were above 1:1
line, which suggests that SO,” was fully neutralized by
NH," and mainly presented in the form of (NH4),SO4
[28]. We further considered the charge balance
between NH," and the combination of SO,*~ and NO3~,
as depicted in Figure 3(c). Among the four sampling
sites, significant correlations (r>0.99, p<0.01) were
observed between [NH,] and 2[SO,]+[NO37]
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Table 3: Pearson Correlations and Coefficients of Divergence (COD) for SNA Among Four Sampling Sites
CloXin JFB SPB YB JY NO;~ JFB SPB YB JY NH, JFB SPB YB JY
JFB 1 JFB 1 JFB 1
; SPB 0.97 1 SPB 0.85 1 SPB 0.91 1
YB 0.99 0.99 1 YB 0.91 0.95 1 YB 0.97 0.97 1
JY 0.79 0.79 0.8 1 JY 0.65 0.69 0.72 1 JY 0.52 0.44 0.50 1
loXin JFB SPB YB JY NO;~ JFB SPB YB JY NH, JFB SPB YB JY
JFB 1 JFB 1 JFB 1
cob SPB 0.05 1 SPB 0.13 1 SPB 0.11 1
YB 0.05 0.06 1 YB 0.12 0.13 1 YB 0.1 0.07 1
JY 0.17 0.17 0.15 1 JY 0.33 0.32 0.27 1 JY 0.43 0.41 0.39 1
(peq/me’), and the ratio of [NH4'] to 2[8042‘]+[NO3‘] Ccall1=0.29CN0O3—-+0.38CS042— (4)

approximate 1.00 at JFB and YB sites, but SPB
reported lower ratio (0.92) and more scattered points.
JY site reported a relatively low ratio (0.67), suggesting
different chemical forms of SNA at urban and/or rural
Chongging. To further examine the chemical forms of
SNA, the theoretical mass concentration of NH," was
calculated. When NH," exists as NH4NO; and
(NH,4)2S04, the concentration of NH," can be calculated
by the following equation,

Tanions (pcq;"m‘)

When NH," exists as NH,NO; and NH4HSO,, the
concentration of NH," can be calculated as,

Ccal2=0.29CNO3—+0.192CS042— (5)

The scatter plots for measured and the calculated
concentrations are shown in Figure 3(d). Most of the
points derived by Eq. (4) were close to the 1:1 line
among the three urban sites, demonstrating sufficient

2[S0,”] (neq/m’)
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Figure 3: Correlations between: (a) total cations and anions, (b) [NH4'] and [8042’], (c) [NH4'] and 2[8042’]+[N03’], (d)

calculated NH4" and measured NH,".
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ammonium conditions in urban Chongqing and that
SNA was mainly present in the forms of (NH,),SO, and
NH4NO;. Points farther away from 1:1 line, especially
at SPB site, are indicative of the existence of NH;HSO,
in urban Chonggqing. For JY site, all the points derived
from Eq. (4) were above the 1:1 line, suggesting the
samples from JY site were ammonium-poor. When
NH," was derived from Eq. (5), most of the points were
above the 1:1 line, indicating S0,* was mainly in the
form of NH4;HSO, in rural Chongging. However, there
were also some points derived from Eq. (5) were under
the 1:1 line. Thus, the existence of (NH,4),SO,4 should
not be neglected in rural Chongqing.

3.3. Analysis of Aerosol Acidity

The equivalent charge ratio (eq/eq) of NH," to the
sum of SO, and NO; , which is expressed as
R=[NH,"]/(2%[SO,” ]+[NO5 ]), was used as the indicator
of acidic property of PM, 5 [9]. The PM; 5 samples were
divided into two groups with R<1 being acidic aerosol,
while R>1 being alkaline. As shown in Figure 3 (c), the
aerosols were more acidic at JY (R=0.67) while less
acidic at SPB (R=0.92), and almost neutral at JFB
(R=1.03) and YB (R=0.96).

To further explore aerosol acidity in Chongging,
more parameters related to aerosol acidity, such as
[H'Jotar, [H'Tinsitw @and pH, were calculated by AIM-II
model. The input temperature and humidity are
average values over the whole observation period. As
shown in Table 2, the [H'Jow and [Hlinsiw at rural site
(JY) were much higher than those at the three urban
sites, indicating that the aerosol in rural area was more
acidic than urban areas in Chongqging, which may be
related to less neutralization of H,SO, and HNO; by
NH; at the rural site.

As mentioned above, the samples at SPB and JY
were acidic with high concentration of [H ] (30.8 and
90.7 nmol/m®, respectively), while samples at JFB and
YB sites were almost neutral. Thus, the characteristics
of aerosol acidity were further evaluated at these two
sites. Generally, aerosol acidity was closely related to
water content and chemical composition of PMas.
Higher levels of aerosol LWC promote H,SO4 and/or
HSO, to free more H" leading to higher in-situ acidity,
but overall it dilutes the H" concentrations increasing
the pH of the aerosols [29]. As listed in Table 2,
although aerosol LWC and RH were comparable at JY
and SPB sites, the acidic parameters (e.g., [H lnsiu and
pH) were quite different. The [H']insiw at JY was 41.5,
much higher than that at SPB (5.84), suggesting that

the aerosol acidity was more related to the chemical
composition rather than LWC and/or RH. As shown in
Figure 4, strong positive correlations were observed
between pH and the mass concentrations of the total
aqueous-phase ions at SPB (r=0.75, p<0.01) and JY
(r=0.78, p<0.01). This suggests that the hygroscopic
growth of aerosols could be related to the reduction of
their acidic characteristics [30].

pH

® SPB _\"—D.()Eﬁfx-[l.]lﬂ, r=0.745
-1.04 . ® Y y=0.0217x-0.992, r=0.784
T T T T T
0 20 40 60 80 100

Total aqueous-phase ions (pgs‘in")

Figure 4: pH as a function of the total aqueous-phase ions.

As illustrated in Table 2, [HJwow Was generally equal
to the sum of [H']in.siw and [HSO, ], indicating nearly all
of the hydrogen ions existed in the aqueous-phase.
The contribution of [H']insitu t0 [H'lotar @t SPB and JY
varied widely (19.0% and 45.8%, respectively). As
shown in Figure 3 (c), the concentration of NH," was
relatively lower at JY, with NH," and SO~ mainly in
the form of NH4HSO, rather than (NH4),SO,4. Thus,
more HSO, might be present at JY site, facilitating
HSO, dissociation into H* and SO,*. Conversely,
higher concentration of SO,” at SPB might inhibit the
dissociation of HSO,™ into H*. Consequently, both the
concentration and contribution of [Hlnsw at JY were
higher than those at SPB.

3.4. Formation Mechanisms of SO, and NO;~

The concentrations of SO,* and NO5™ in PM,5 are
mainly determined by the concentrations of their
precursors (SO, and NO,) and the conversion rate in
the atmosphere. Generally, S0,* and NO;~ formation
from precursors can be indicated by sulfur oxidation
ratio (SOR) and nitrogen oxidation ratio (NOR) [3, 31].
The SOR and NOR are defined as follows,

SOR=[S042—]/([S042—]+S02) (6)

NOR=N03—/(NO3—+N02) )



Characterization of Water-Soluble lons in PM,; in Chongqing

Journal of Environmental Science and Engineering Technology, 2020, Vol. 8 17

where the mole concentrations (moI/m3) of all the
parameters were used. Higher SOR and NOR indicate
more secondary oxidation of SO, and NO,.

Due to the lack of SO, and NO, data at YB site, only
the oxidation ratios at the other three sites were
calculated. Average SOR were 0.30+0.10, 0.26+0.08,
0.30+0.12, and NOR were 0.07+0.04, 0.13+0.06,
0.08+0.03 at JFB, JY and SPB, respectively. Previous
studies proposed that when SOR was higher than 0.10,
photochemical oxidation of SO, would occur in the
atmosphere, but when SOR was lower than 0.10,
S0O,” was mainly attributed by the primary emissions
[3, 32]. In our study, SOR was much higher than 0.10
among the three sampling sites, implying the
secondary formation of S0, from SO, in Chonggqing.
There are two formation mechanisms for SO,* from
SO, in the troposphere, including homogeneous gas-
phase and heterogeneous reactions in the aqueous
surface layer of pre-existing particles [17, 33].
Meanwhile, heterogeneous reactions tend to be the
most important formation mechanism of S04*” under
high relative humidity condition (RH>75%) [34]. As
shown in Table 2, the average RH was above 75% in
all the sites except for JFB (68.7%), suggesting that the
heterogeneous reactions may play a dominate role in
the formation of SO4* in Chonggqing. In addition, the
correlation coefficients between SOR, NOR and the
related parameters were summarized in Table 4. The
correlation between SOR and PM,s mass was higher
compared to that between SOR and other parameters,
demonstrating the secondary formation of sulfate
contributed greatly to the increase of PMys
concentration.

The NOR values were lower than 0.1 at SPB and
JFB, but higher than 0.1 at JY site (0.13). The relatively
low NOR values at the two urban sites could be related
to the high temperature (~20 °C) during the sampling

period, which is not favorable to the formation of
particulate NH4NOj. Positive correlations were found
between NOR and SO, at JFB and SPB sites (Table
4), suggesting that the formation of secondary NO3~
might be related to SO, in the atmosphere. Tian et al.
[35] have reported that SO, may promote the
formation of NO; . Additionally, the good correlations
between NOR and RH (r=0.44-0.70, p<0.05) indicates
that the conversion of NO, to NO;~ might be influenced
by RH. There are two major pathways for the formation
of nitrate. The first pathway is the homogenous gas-
phase reaction:

NH3g+HNO3g=NH4NO3(s, aq) (8)

And the second pathway is the heterogeneous
hydrolysis of N,Os on the pre-existing aerosols:

N205aq+H20aq=2HNO3(aq) (9)

In the SO4°=NH,"-NO;3~ thermodynamic system,
SO, competes with NO;  for NH;* during the
formation of NO;™. Therefore, the relationship between
molar ratio of nitrate to sulfate ([NO3_]/[SO42_]) and that
of ammonium to sulfate ([NH,']/[SO4* ) is often used to
indicate the pathway of NOj3;  formation [29, 31].
Generally, linear correlation between these two ratios
in NH,*-rich condition (INH4']/[SO4*]>1.5) suggests the
homogeneous formation of NO3 ™ [2, 36].

[NOg']/[SO42_] is plotted against [NH4+]/[SO42‘] at the
four sites of Chongging, as shown in Figure 5(a).
Significant correlation (r=0.86, p<0.01) was found
between them at the three urban sites with sufficient
ammonium, suggesting homogeneous reaction was a
significant pathway for nitrate formation in urban
Chongging [29, 31]. But obviously, poor correlation
(r=0.29, p<0.05) was observed at the rural site, which
may be attributed to the high acidity at JY site,
promoting the heterogeneous hydrolysis of N,Os [37-

Table 4: Correlation Coefficients between SOR, NOR and other Related Parameters

PM, SO, RH T 0,
JFB 0.660** -0.218 0.384* 0.457* 0.112
SOR SPB 0.604* —0.479* 0.343 0.471* 0.338
Jy 0.578* -0.446* 0.103 0.491* 0.477*
PM,5 NO, CloXin RH T
JFB 0.317 -0.134 0.420* 0.695* -0.378*
NOR SPB 0.347 -0.256 0.487* 0.585* -0.330
Jy 0.426* -0.109 0.361 0.439* -0.054

**Correlation is significant at the 0.01 level,*Correlation is significant at the 0.05 level.
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39]. The regression functon was [NO3]/[SOs*
]=[NH4+]/[SO42‘]><0.739-‘I.076 for the three urban sites,
and the intercept of the regression line with the axis of
[NH,'/[SO4] was 1.46. Thus, the excess NH,
associated with the formation of NO3; can be derived
from the following equation:

[NH4+]excess=([NH4+]/[S042—]—1.46)X[S042—] 10)

As illustrated in Figure 5(b), the concentration of
excess ammonium was mostly higher than 0 and
linearly correlated with nitrate in urban Chongqing,
indicating that the nitrate increased with the excess
ammonium via homogeneous reaction of NH; and
HNO; in the atmosphere. It further implies that the gas-
phase homogeneous reaction was mainly responsible
for the formation of NO3™ in those areas [31, 35]. The
regression slope (0.58) was lower than 1, indicating

that approximately 58% excess ammonium was bound
formed nitrate salts of ammonium. The remaining
excess ammonium was bound to the species other
than nitrate, such as chloride.

3.5. Analysis of Regional Transport

To further understand the impact of regional
transport on Chonggqing, a trajectory clustering method
was used to examine the pathway of air masses and to
investigate the chemical composition among the air
masses with different origination, a method that has
been used in previous studies [13, 35]. The 48-hour
backward trajectories during the sampling period were
grouped into four clusters (Figure 6). Meanwhile, the
concentrations of PM,s and major WSIs in JFB site
influenced by each cluster were also depicted in
Figure 6.

JFB © SPB O YB O J¥Y 030 JFB © SPB © YB
50 J——JFB, SPB, YB y=0.739x-1.076, =0.859 ©» & | ——y=0.580x+0.008, r=0.958
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Figure 5: (a) Molar ratios of [NO3 ]/[SO4>] versus [NH4/[SO4?

of [NO37] versus [NH4 Jexcess.
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The air masses reaching urban Chongqging in
autumn mainly came from west direction, including
northwest, west and southwest. The northwest air
mass corresponded to a middle-distance cluster 1,
accounting for 6.7% of the total trajectories with highest
PM, 5 (average: 63.6 pg/m°) and SO,* (average: 13.7
pg/m3) concentrations. This polluted air mass
originated from Xinjiang Uighur Automonmous Region
and passed through Qinghai Province, then entered the
northwest of Sichuan Basin. The air mass from the
west included short-distance cluster 2 and long-
distance cluster 3, accounting for 50.0% and 10.0% of
the total trajectories, respectively. The short-distance
cluster 2 from the west can be attributed to the areas
within the basin, including neighboring Chengdu Plain,
known as a heavily polluted area in China [40].
Meanwhile, the trajectory length of cluster 2 was very
short, hovering in the Sichuan Basin for a long time,
favoring the accumulation of pollutants. As a
consequence, PM,5 (average: 59.2 pg/m3) and SNA
concentrations were second highest under the
influence of cluster 2. In contrast, the lowest PM, 5
concentration (average: 42.9 pg/m’) was observed in
long-distance cluster 3 from the far west, which
originated in Pakistan, passed through Tibet Plateau
and entered Sichuan Province via Western Sichuan
Plain. The southwest air mass corresponded to a
middle-distance cluster 4, accounting for 33.3% of the
total trajectories. Cluster 4 originated from India, and
passed through Burma, Yunnan and south of Sichuan
Province, corresponding to moderate PMys
concentrations (average: 57.0 pg/m®) during this
period.

4. CONCLUSIONS

Mass concentration and the water-soluble inorganic
ions and site-to-site variations of the PM, s data among
four sites of Chongqing were examined. The PM;s
mass concentrations at the urban sites were 62.8—
73.0% higher than that at the rural site. The total ions
accounted for about 38.8-40.8% of PM, 5 at urban sites
and 43.5% of PM, s at the rural site. Severe secondary
aerosol pollution was suggested by the high
contribution of SNA (>90%) in Chongqing. The spatial
distribution analysis of SNA among the four sites
suggested that the process of accumulation and
removal of SO might be similar throughout different
urban areas in Chongqing. Additionally, SNA were
mainly present in the forms of (NH4).SO, and NH4NO3
at the urban sites, while they were in the forms of
NH4sHSO, and NH4NO; at the rural site.

PM, s was more acidic at the rural site than the
urban sites. The better correlation between SOR and
PM,s mass and the high RH during the sampling
period suggested heterogeneous process dominated
the formation of SO, Though homogeneous reaction
dominated the formation of NO;  at the urban sites,
heterogeneous reactions occurred at the rural site.
Trajectory analysis suggested that aerosol pollution in
Chongging was mostly influenced by air masses
originating from local areas.
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