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Abstract Coarse and fine particulate matter (PM) were taken
by a dichotomous sampler, and gas precursors were deter-
mined by a denuder sampler at two stations in central
Taiwan. Water-soluble ionic constituents of PM and their pre-
cursor gases were analyzed by ionic chromatograph. In sum-
mer, the daytime/nighttime PM10 concentrations were 37±10/
41± 18 μg m−3 and 36± 14/34 ± 18 μg m−3 for Xitun and
Jhushan, respectively. Average PM10 concentration in winter
was 1.55 and 1.76 times that of summer for Xitun and
Jhushan, respectively. PM mass concentrations were similar
for both stations, although one station is located in the down-
town area of Taichung, and the other is in a rural area with no
heavy pollution sources. Water-soluble ionic species content
was 38–53 % of PM2.5 and 43–48 % of PM10 mass concen-
tration. HNO3, HCl, and SO2 were high in the daytime; the
daytime-to-nighttime concentration ratio was 3.75–6.88 for
HNO3,1.7–7.8 for HCl, and 1.45–2.77 for SO2. High NH3

levels were determined in the area, especially in winter, which
could be a precursor of NH4

+ to form particulate matter. In
Xitun, motor vehicles downtown and in the industrial district
could be sources of air pollution. In contrast, there are few
industrial sources at Jhushan; therefore, the transport of air

pollutants from upwind of other regions and the accumulation
of pollutants could be important PM sources at Jhushan.
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Introduction

Particulate matter (PM) is an important indicator of air pollu-
tion emitted from a variety of natural and anthropogenic ac-
tivities. PM can be suspended a long time and travel long
distances in the atmosphere, and it can cause a wide range of
diseases and lead to a significant reduction of human life (Kim
et al. 2015). PM pollution has aroused worldwide concerns
due to its significant adverse effects on visibility, public
health, and even global climate (Okada et al. 2001; Kang
et al. 2004; Sun et al. 2006, 2014; Tan et al. 2009).

According to the mass fraction of ionic species, SO4
2−,

NH4
+, and K+ were predominant in fine particulate matter.

Nitrate existed in both the fine and coarse particulate matter
due to the different formation mechanisms. In addition, SO4

2−

and NH4
+ were foremost in fine particles (Wall et al. 1988).

Na+, Ca2+, and Mg2+ predominated in the coarse particulate
matter, and the erosion of soil, crustal rock, and sea salt spray
could be the sources of these ions.

PM2.5 can go deeper into the nonciliated and alveolar areas
of the lungs; therefore, PM2.5 has been reported to have great-
er health effects than larger particulate matter from inhalation
exposure causing allergies, asthma, and cardiovascular dis-
ease (Spengler et al. 1990; Glodberg et al. 2001; Hoek et al.
2002; Gauvin et al. 2002; Jalaludin et al. 2004; Kappos et al.
2004; Breysse et al. 2013; Conti et al. 2015; Kim et al. 2015).
Based on estimates by Cohen et al. (2005), PM2.5 ambient air
pollution is responsible for approximately 0.8 million

Responsible editor: Philippe Garrigues

* Hung-Lung Chiang
hlchiang@mail.cmu.edu.tw

1 Department of Environmental Engineering, Sustainable
Environmental Research Center, National Cheng-Kung University,
Tainan, Taiwan

2 Department of Landscape Architecture, Tunghai University,
Taichung, Taiwan

3 Department of Health Risk Management, China Medical University,
Taichung 40402, Taiwan

Environ Sci Pollut Res (2016) 23:16722–16737
DOI 10.1007/s11356-016-6834-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-016-6834-7&domain=pdf


premature deaths and 6.4 million years of life lost worldwide
every year.

Sulfate, nitrate, and ammoniumwere the dominant compo-
nents of water-soluble ions in PM, except for organic species
(Aneja et al. 2006; Hsieh et al. 2009; Lin et al. 2009; Plaza
et al. 2011; Wang et al. 2014). Up to 80 % of nitrate and
ammonium in fine particles was formed from precursor gases
and mobile sources including diesel engines and gasoline en-
gines in the South Coast Air Basin (Ying and Kleeman 2006).
In an industrial and urban city of Korea, ionic constituents
accounted for 35–60 % of PM2.5mass, and sulfate and nitrate
were the major ionic species (Han et al. 2008). Plaza et al.
(2011) indicated that the sulfate and ammonium mass was
concentrated in the fine mode, and nitrate concentration was
high in the coarse mode in an urban area of Madrid. The gas
phase and condensation processes for secondary aerosol for-
mation could be important mechanisms in the urban area of
Madrid. NH4

+, SO4
2−, NO3

−, and Cl− were the major water-
soluble inorganic ionic constituents of PM2.5, and NH3,
HNO3, and HCl were the important precursor gases
(Sudheer and Rengarajan 2015). Therefore, sulfate, nitrate,
and ammonium are the important constituents in fine particles,
and SO2, NOx, and NH3 could be their gas precursors.

Many previous studies have indicated that ammonia is an
important precursor in the formation of fine particles in the
USA (Heald et al. 2012; Benedict et al. 2013; Gong et al.
2013; Li et al. 2014), Europe (Minguillón et al. 2012; Reche
et al. 2012), Japan (Sakurai and Fujita 2002; Aikawa et al.
2013), Korea (Phan et al. 2013), India (Behera and Sharma

2010; Sudheer and Rengarajan 2015), China (Hu et al. 2008;
Shen et al. 2011), and Taiwan (Tsai et al. 2014). NH3 is con-
sidered to be a potentially important participant in aerosol
nucleation and formation (Kirkby et al. 2011), and it can easily
transfer into the particulate phase as NH4

+ through reaction in
the atmosphere (Walker et al. 2004; Plessow et al. 2005).
Therefore, gas precursors converging to form an aerosol could
be important sources of fine particulate matter.

In this study, the coarse and fine particulate matters were
collected by a dichotomous sampler, and gas precursors were
determined by a denuder sampler. Water-soluble ionic species
for particulate constituents and gaseous pollutants were mea-
sured during the day and night in summer and winter. In ad-
dition, the effects of meteorological parameters and precursor
gases on the characteristics of particulate matter were
explained.

Experimental

Sampling location

Two stations of the Taiwan Air Quality Monitoring Network
(which was established by the Taiwan Environmental
Protection Agency [TEPA] in 1993), Xitun (Taichung) and
Jhushan (Nantou), were chosen as sampling sites for the ex-
periment (Fig. 1). Xitun station is located in Taichung City,
and Jhushan station is located in Nantou County. Xitun is in
the downtown area and near industrial districts, but Jhushan is
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Fig. 1 Map of emission sources
in the vicinity of sampling sites in
central Taiwan
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a rural area, and heavy transportation loading could be the
source of air pollutants. Taichung is the third largest city in
Taiwan (Taichung County and Taichung City were merged as
Taichung City on 25December 2010), with an area of about 2,
214 km2 and a metropolitan population of 2.69 million in
2013. The downtown population density is more than 20,
000 people km−2.

Xitun is 0.3 km to the northwest of the Taichung industrial
district, the municipal waste incinerator is 2.6 km to the south-
west, and Central Taiwan Science Park is 4 km to the north-
east. The coastline is 14 km to the west. Freeway 1 is 0.3 km to
the east, freeway 3 is 6 km to the west, and highway 74 is 1 km
to the east.

In downtown Taichung, pollution emissions were 5,
900 tons year−1 for PM10, 2,400 tons year−1 for PM2.5,
660 tons year−1 for SO2, 11,200 tons year−1 for NOx, and
26,700 tons year−1 for NMHC. The sources of PM10 were
68 % from construction and road dust, 17 % from vehicles
and 14 % from commercial and industrial sources. Emissions
from industrial and commercial sources account for 86 % of
SO2, and vehicle emissions account for 90 % of NOx (TEPA
2015). The emission intensity was shown as Fig. 2.

Conversely, Jhushan is 48 km from the western coastline,
and themajor pollution sources in the region are several gravel
plants (2–3 km west of the station) and the Jhushan industrial
district (3 km northeast) for agricultural product facilities. In
Nantou, PM10 was 7,500 tons year−1, PM2.5 was 3,
100 tons year−1, SO2 was 620 tons year−1, NOx was 8,
200 tons year−1, and NMHC was 12,400 tons year−1. The
sources of PM10 were 71 % from construction and road dust,
9 % from vehicles and 16 % from commercial and industrial
sources. Eighty-eight percent of SO2 was emitted from com-
mercial and industrial sources, and 85 % of NOx was emitted
from vehicles. In addition, open burning contributed 7 % of
PM2.5 emission in Nantou (TEPA 2015).

The experiment was conducted during the periods from 27
February to 5 March, 16–21 April,12–19May, and 4–10 July,
1–6 November 2012. The colorful lines (shown as Fig. 1)
show the air parcel transport pathways by back trajectory
(Lin and Chang 2002) during different sampling periods. At
each site, one particulate sample was taken every 12 h, from
0700 to 1900 hours one, and from 1900 to 0700 hours the next
day.

Particulate matter sampling method

Dichotomous sampler

Ambient PM was taken by a dichotomous sampler (Graseby
Adenson G 241, USA) equipped with an inlet of 10-μm
cutpoint. PM below 10 μm aerodynamic diameter (PM10)
was divided into two size fractions upon entering the sampler
using a virtual impactor with a 2.5-μm cutpoint. The two

size fractions were classified as a coarse fraction
(2.5 μm<aerodynamic diameter < 10 μm, PM10–2.5) and a
fine fraction (aerodynamic diameter <2.5 μm, PM2.5). The
total f low rate of the dichotomous sampler was
16.7 L min−1. It was split into 1.67 and 15 L min−1 for coarse
and fine flow, respectively.

PMwas collected using 37-mm quartz fiber filters (Pallflex
2500 QAT-UP, 37 mm) supported by polyolefin rings. Filters
were pre-treated before sampling at 900 °C for 3 h to reduce
the background level of carbonaceous species and other vola-
tile species in the filter and to reduce the artifact effect of the
filter. The pre-treated filters were placed in clean polyethylene
Petri dishes, which were then wrapped with Teflon tape and
aluminum foil and stored in a freezer until field sampling. The
weight of the filters and the collected particulate mass concen-
tration was measured by a microbalance (Mettler Toledo,
MX5) with a reading of 1 μg. The precision of the quartz filter
is ±10 μg under the condition of 40 % relative humidity at
25 °C. Prior to weighing, the filters were conditioned at 25
±2 °C and 40±5 % relative humidity for 48 h. Filter samples
were stored in a refrigerator at 4 °C before chemical analysis
to limit losses of volatile components. In addition, the quartz
filter was preheated to reduce interference, and blank samples
and other quality assurance and quality control samples were
also analyzed in this study to minimize the artifact effect of the
filter.

Denuder sampler

The denuder system employed in this study was composed of
a cyclone with a cut-off diameter of 2.5 μm (University
Research Glassware, URG, Chapel Hill Inc., USA) followed
by four annular denuders (URG-2000-30EH), a filter pack, a
flow controller, and a pump (USEPA 1998). Airflowwas set at
a constant rate of 16.7 L min−1.

The first denuder was coated with 10 ml of 0.1 % (w/v)
NaCl in 1:9 methanol/deionized water solutions for the ab-
sorption of HNO3 gas (Perrino et al. 1990; USEPA 1998).
The second and third denuders were coated with 10 ml 1:1
(v/v) mixtures of 2 % (w/v) Na2CO3 in deionized water, and
2 % (w/v) glycerol in methanol solution for the absorption of
HCl, HNO2, and SO2 gas. The fourth was coated with 10 ml
of 1 % (w/v) citric acid in methanol solution for the absorption
of NH3 gas. Three filters placed in series followed the
denuders. The first Teflon filter (Pallflex, 47 mm, pore size
2 μm, USA) was set up to collect particulate matter <2.5 μm
in diameter. In order to collect acid gas that evaporated from
particles or that was not completely absorbed by the denuder,
the next quartz filter was coated with Na2CO3 solution. The
last quartz filter was coated with a citric acid solution and
designed to collect NH3 evaporated from the particles. After
sampling, each denuder tube and filter was extracted with
deionized water and analyzed by ionic chromatography. In
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addition, the additives of HNO3, SO2, and NH3 gases were
used to measure the recovery of the denuder adsorption

system. Recoveries were 95±6 % for HNO3, 94±5 % for
SO2, and 91±10 % for NH3.
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Chemical analysis

The collected aerosol filters were ultrasonically extracted for
2 h into 20 ml of deionized distilled water and filtered through
a Teflon filter of 0.45-μm nominal pore size. Ion chromatog-
raphy (Dionex, 120) was used to analyze the concentration of
anions (Br−, F−, Cl−, NO2

−, NO3
−, SO4

2−) and cations (Na+,
NH4

+, K+, Mg2+, Ca2+). The separation of anions was accom-
plished using an IonPac AS 12A (4×200 mm) analytical col-
umn, an AG 14 guard column with a 10-μl sample loop, and
an anion self-regenerating suppressor-ultra. A solution of
2.7 mM Na2CO3/0.3 mM NaHCO3 was used as an effluent
at a flow rate of 1.5 ml min−1. The separation of cations was
accomplished using an IonPac CS 12A (4×250 mm) analyt-
ical column, and a CG 14 guard column, with a 50 μl sample
loop, and a cation self-regenerating suppressor-ultra. A solu-
tion of 20 mMmethanesulfonic acid was used as the eluent at
a flow rate of 1 ml min−1. Applying this analysis method, the
detection limits of analyzed ionic species were in the range of
0.004 (Mg2+) to 0.012 (NO2

−) μg m−3. In addition, the recov-
eries of ionic species were between 91 % (Na+) and 104 %
(NH4

+).

Statistical analysis

Statistical analysis was performed by the Statistical Package
for the Social Sciences (SPSS®12.0) using a student’s t test,
and differences were judged to be significant at p<0.05.

Results and discussion

Particulate mass concentration

PM10

The PM10 concentration of the dichotomous sampler
consisted of PM2.5 and PM2.5–10. Table 1 shows the PM10

concentration of the dichotomous sampler. Average daytime/

nighttime PM10 concentrations were 59±13/62±14 μg m−3

for Xitun and 59±6.8/64±17μgm−3 for Jhushan in winter. In
summer, the PM10 concentrations were 37 ± 10/41
± 18 μg m−3 for Xitun and 36 ± 14/34 ± 18 μg m−3 and
Jhushan. Average PM10 concentrations in winter were 1.55
and 1.76 times those of summer for Xitun and Jhushan, re-
spectively. PM10 concentrations at night were slightly higher
than during the day.

PM2.5

Table 1 indicates the PM2.5 concentration of the dichotomous
sampler. In Xitun, the PM2.5 concentrations were 22
±6.8 μg m−3 for daytime and 29±14 μg m−3 for nighttime
in summer. In winter, the PM2.5 concentration increased as
much as 50 % mass concentration to 34±10 μg m−3 for day-
time and 42±14 μg m−3 for nighttime. In Jhushan, the PM2.5

concentrations were 21 ± 7.5/21 ± 14 μg m−3 for daytime/
nighttime in summer and 33 ± 10/42 ± 9.9 μg m−3 for
daytime/nighttime in winter. Average PM2.5 concentration
was 50–70 % higher in winter than that in summer.

The fine particulate matter fraction was 0.55–0.59 and
0.61–71 of PM10 for daytime and nighttime at both stations.
There was an insignificant difference of fine particulate matter
fraction between seasons. But high fine particulate fraction
was determined at nighttime.

Particulate matter accounts for a large portion of the air
pollution in central Taiwan. But meteorological variations
are also important factors influencing ambient air quality. In
central Taiwan, May to September was the rainy season (sum-
mer), when pollutants are scavenged and PM is low, and the
high-pollution episodes often occurred between October and
February (dry season/winter) during the following year. The
global solar radiation was high in summer for both stations,
but the sunshine duration was similar in both seasons
(Table 4). High global solar radiation and sunshine duration
were determined in Xitun. Light intensity may affect the abun-
dance of fine PM in the area for different seasons.

Table 1 Particulate matter concentrations in summer and winter

PM concentration (μg m−3) Spring/summer Winter

Daytime Nighttime Daytime Nighttime

Xitun PM2.5–10 17.4 ± 4.4 (6.2–23.9)a 12.8 ± 4.9 (4.6–19.1) 24.9 ± 5.4 (18.2–31.3) 19.8 ± 3.8 (14.6–24.7)

PM2.5 21.5 ± 6.8 (8.1–33.6) 29.3 ± 14.0 (14.6–53.6) 34.4 ± 10.6 (24.0–49.4) 41.9 ± 14.5 (22.6–57.5)

PM10 36.6 ± 10.4 (17.1–49.5) 41.2 ± 17.6 (23.3–70.1) 59.3 ± 13.0 (42.6–78.2) 61.7 ± 14.4 (41.9–79.6)

Jhushan PM2.5–10 11.6 ± 4.0 (3.9–17) 13.7 ± 4.9 (3.6–20.5) 23.1 ± 5.3 (15.3–22.6) 18.6 ± 8.1 (8.1–20.1)

PM2.5 20.5 ± 7.5 (14.6–44.6) 20.8 ± 13.7 (16.8–51.6) 32.6 ± 10.0 (36–53.6) 42.0 ± 9.9 (30.1–76.4)

PM10 35.5 ± 14.0 (18.7–69) 34.2 ± 17.8 (22.4–89.7) 59.0 ± 6.8 (15.3–22.6) 64.1 ± 17.4 (44.4–89.7)

a Numbers in parentheses are the range of concentration
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In addition, low wind speed (shown as Fig. 3) and low
mixing height were determined at night, which increased
PM concentrations. Emissions, subtropical weather, and to-
pography may cause primary air pollutants to form secondary
aerosols in central Taiwan.

Differences of PM mass concentration between Xitun and
Jhushan stations were insignificant (p value >0.05). Generally,
high emission loadings were determined in the vicinity of
Xitun station, which could imply high air pollutant concentra-
tion in ambient conditions. Emissions were lower in Jhushan
station, and the pollution concentration was similar to that in
Xitun. The land–sea breeze could be one reason for this phe-
nomenon. Based on the daytime and nighttime wind direction
of Jhushan (Fig. 3), a land–sea breeze pattern may occur in
Jhushan station. Therefore, the polluted air parcels could come
from Taichung, Changhua, and Yunlin air basins associated
with the sea breeze during the daytime (show as Fig. 3). But
low wind speed was determined at night (shown as Table 4),
so the polluted air could not be completely transported to other
areas and instead accumulated in the vicinity of Jhushan,
resulting PM concentrations similar to those in Xitun.

Ionic constituents

Table 2 shows the ionic species content in coarse and fine
particulate matter at Xitun and Jhushan. Ionic species content
ranged from 47 to 53 % for PM2.5 and from 43 to 48 % for

PM10 at Xitun. At Jhushan, the ionic species content ranged
from 38 to 51% for PM2.5 and from 45 to 46% for PM10. The
ionic species content fraction and mass concentration in-
creased with the increase of PM10 concentration at both sta-
tions. The bulk of dry, fine-particle mass is inorganic (typical-
ly 25–75 %; Heitzenberg 1989), with NH4

+, SO4
2−, and NO3

−

as the main components. In addition, Na+, Cl−, Ca2+, Mg2+,
and K+ may be present, associated with crustal and sea-salt
sources depending on the location. Results indicated that sec-
ondary water-soluble ions (SO4

2−, NO3
−, and NH4

+) com-
posed over 50 % of the total ions and were mainly found in
fine particles. Mg2+ and Ca2+ contributed to a large fraction of
the total water-soluble ions in coarse particles.

Sulfate, nitrate, ammonium, chloride, and sodium ions
were the major water-soluble species in PM constituents in
southern Taiwan (Lin 2002; Tsai and Chen 2006; Tsai et al.
2013, 2014).When the PM10 concentration was increased, the
ionic species including NO3

−, SO4
2−, Cl−, NH4

+, Na+, Mg2+,
and Ca2+ increased significantly (Tsai et al. 2011), which was
similar to the results of this study.

For fine particles, the NO3
−, SO4

2−, and NH4
+ in-

creased significantly when the PM10 concentration went
from 15 to more than 35 μg m−3. In Wisconsin, USA,
nitrate and sulfate concentration are influenced by region-
al transport and local emission to cause high PM2.5 con-
centration in PM episodes (Heo et al. 2013). In addition,
on-road gasoline-powered vehicles, diesel engines, natural

-1

(a-1) Xitun-Summer (a-2) Xitun- Winter (a-3) Xitun-Day (a-4) Xitun- Night

(b-1) Jhushan -Summer (b-2) Jhushan - Winter (b-3) Jhushan -Day (b-4) Jhushan - Night

Fig. 3 Wind directions and speeds (m s-1) of Xitun and Jhushan sampling sites

Environ Sci Pollut Res (2016) 23:16722–16737 16727



T
ab

le
2

Pa
rt
ic
ul
at
e
m
as
s
an
d
io
ni
c
sp
ec
ie
s
co
nc
en
tr
at
io
ns

(i
n
m
ic
ro
gr
am

pe
r
cu
bi
c
m
et
er
)

Sa
m
pl
in
g
si
te

Pe
ri
od

Pa
rt
ic
ul
at
e
si
ze

C
on
ce
nt
ra
tio

n
(μ
g
m

−3
)
N
a+

N
H
4
+

K
+

M
g2

+
C
a2

+
C
l−

N
O
2
−

N
O
3
−

S
O
4
2
−

[N
H
4
+
]/
[S
O
4
2
− ]

X
itu

n
Su

m
m
er

PM
2
.5
–
1
0

14
±
5.
0

0.
48

±
0.
44

0.
35

±
0.
53

0.
11

±
0.
21

0.
18

±
0.
10

0.
64

±
1.
04

0.
68

±
0.
84

0.
06

±
0.
09

1.
54

±
0.
80

1.
31

±
1.
40

1.
42

PM
2
.5

25
±
11

0.
26

±
0.
29

2.
96

±
1.
93

0.
16

±
0.
09

0.
14

±
0.
08

0.
28

±
0.
65

0.
52

±
0.
50

0.
09

±
0.
11

2.
85

±
3.
37

5.
71

±
3.
19

2.
76

W
in
te
r

PM
2
.5
–
1
0

20
±
8.
3

0.
73

±
0.
46

0.
15

±
0.
15

0.
11

±
0.
05

0.
20

±
0.
08

0.
48

±
0.
26

0.
59

±
0.
55

0.
10

±
0.
20

3.
24

±
1.
47

0.
84

±
0.
69

0.
95

PM
2
.5

38
±
13

0.
16

±
0.
06

5.
19

±
2.
48

0.
49

±
0.
30

0.
16

±
0.
01

0.
09

±
0.
03

0.
32

±
0.
70

0.
47

±
0.
64

3.
41

±
5.
17

10
.4
1
±
3.
32

2.
66

D
ay
tim

e
PM

2
.5
–
1
0

18
±
6.
9

0.
69

±
0.
51

0.
28

±
0.
56

0.
08

±
0.
03

0.
22

±
0.
11

0.
94

±
1.
13

0.
80

±
0.
94

0.
08

±
0.
17

2.
35

±
1.
41

1.
69

±
1.
52

0.
88

PM
2
.5

26
±
10

0.
32

±
0.
31

2.
83

±
1.
65

0.
20

±
0.
13

0.
16

±
0.
08

0.
38

±
0.
75

0.
22

±
0.
31

0.
20

±
0.
48

0.
82

±
0.
82

7.
39

±
4.
42

2.
04

N
ig
ht
tim

e
PM

2
.5
–
1
0

14
±
5.
6

0.
48

±
0.
35

0.
31

±
0.
31

0.
15

±
0.
24

0.
17

±
0.
07

0.
26

±
0.
19

0.
54

±
0.
48

0.
06

±
0.
10

2.
00

±
1.
19

0.
69

±
0.
49

2.
40

PM
2
.5

33
±
15

0.
14

±
0.
08

4.
48

±
2.
26

0.
33

±
0.
30

0.
12

±
0.
06

0.
06

±
0.
04

0.
69

±
0.
67

0.
22

±
0.
31

5.
23

±
4.
58

6.
96

±
3.
38

3.
43

Jh
us
ha
n

S
um

m
er
,a
ll

PM
2
.5
–
1
0

7.
8
±
5.
0

0.
35

±
0.
28

0.
40

±
0.
34

0.
14

±
0.
08

0.
18

±
0.
05

0.
49

±
0.
72

0.
31

±
0.
33

0.
13

±
0.
24

1.
25

±
0.
94

0.
75

±
0.
92

2.
84

PM
2
.5

27
±
11

0.
09

±
0.
05

2.
66

±
1.
48

0.
18

±
0.
07

0.
15

±
0.
02

0.
53

±
0.
91

0.
57

±
0.
94

0.
03

±
0.
06

1.
50

±
2.
09

5.
29

±
2.
39

2.
68

W
in
te
r,
al
l

PM
2
.5
–
1
0

15
±
4.
5

0.
54

±
0.
32

0.
33

±
0.
14

0.
10

±
0.
02

0.
19

±
0.
04

0.
41

±
0.
21

0.
53

±
0.
40

0.
03

±
0.
09

3.
84

±
1.
25

1.
56

±
2.
41

1.
13

PM
2
.5

46
±
15

0.
10

±
0.
03

6.
41

±
2.
35

0.
51

±
0.
14

0.
13

±
0.
05

0.
06

±
0.
02

0.
15

±
0.
13

0.
25

±
0.
49

5.
64

±
4.
44

10
.5
8
±
2.
47

3.
23

D
ay
tim

e
PM

2
.5
–
1
0

12
±
6.
3

0.
52

±
0.
33

0.
32

±
0.
24

0.
10

±
0.
03

0.
20

±
0.
05

0.
57

±
0.
74

0.
45

±
0.
34

0.
11

±
0.
24

2.
81

±
1.
79

1.
53

±
2.
34

1.
12

PM
2
.5

31
±
14

0.
09

±
0.
04

3.
44

±
2.
14

0.
30

±
0.
20

0.
13

±
0.
06

0.
24

±
0.
50

0.
22

±
0.
45

0.
17

±
0.
42

1.
58

±
2.
08

6.
93

±
3.
59

2.
65

N
ig
ht
tim

e
PM

2
.5
–
1
0

10
±
5.
8

0.
33

±
0.
27

0.
41

±
0.
30

0.
14

±
0.
08

0.
17

±
0.
04

0.
35

±
0.
28

0.
35

±
0.
40

0.
07

±
0.
16

1.
85

±
1.
47

0.
65

±
0.
43

3.
36

PM
2
.5

36
±
20

0.
09

±
0.
05

4.
72

±
3.
19

0.
31

±
0.
22

0.
15

±
0.
02

0.
40

±
0.
90

0.
55

±
0.
94

0.
06

±
0.
17

4.
73

±
4.
57

7.
49

±
4.
16

3.
36

16728 Environ Sci Pollut Res (2016) 23:16722–16737



gas, and coal combustion were the major sources of ni-
trate, and coal combustion and natural gas were the dom-
inant sources of sulfate in seven eastern US cities (Zhang
et al. 2014).

Cao et al. (2012) indicated that sulfate, organic carbon, ni-
trate, and ammonium were the major constituents of PM2.5 in
Xi’an, China, and the constituents from fossil fuel combustion
may have an appreciable influence on the health effects. Energy
production (mainly coal combustion) was the dominant source
for secondary nitrate and sulfate in Xi’an (Wang et al. 2014).

Water-soluble ions, especially for the secondary species of
sulfate, nitrate, and ammonium salt, may have a surface acti-
vator to influence the heterogeneous reactions of pollutants on
aerosol surfaces (Hu et al. 2008; Zhu et al. 2011). NH4

+, SO4
2

−, NO3
−, K+, andMg2+ could be in nuclei- and Aitken mode to

form new particles, and NH4
+ plays a key role in particulate

formation (An et al. 2015).
Based on the molar concentration of ammonium, sulfate,

and nitrate in fine particles, ammonium did not in general have
a strong correlation to nitrate (r2 was 0.52) or sulfate (r2 was
0.49) at Xitun (Fig. 4). However, a strong correlation was
found between ammonium and sulfate (r2=0.88) and ammo-
nium and nitrate (r2=0.81) at Jhushan. For both stations, am-
monium strongly related to the sum of equivalent molars of
nitrate and sulfate.

The deliquescence relative humidity (DRH) of ammo-
nium sulfate ((NH4)2SO4) is 79.9 %, which is more stable
than that of ammonium nitrate (DRH of NH4NO3 is
61.8 %) at 298 K (Seinfeld and Pandis 2006). High tem-
perature and high humidity do not favor the formation of
NH4NO3 in fine particulate matter. Ammonia prefers to
react with sulfuric acid in the atmosphere (Baek et al.
2004), and then the excess ammonia can react with nitric
acid to form NH4NO3 under [NH4

+]/[SO4
2−] ratios higher

than two. In central Taiwan, [NH4
+]/[SO4

2−] ratios over
two (shown as Table 2) could favor the formation of
NH4NO3, especially in fine particles. Fine particulate ni-
trate is formed by homogeneous gas phase oxidation of
nitrogen oxides (NOx) to gaseous nitric acid, which is
followed by a reaction with gaseous ammonia to form
the semi-volatile NH4NO3 (Ocskay et al. 2006). The dis-
tribution of NH4NO3 between the gas and particle phases
depends mainly upon meteorological conditions (temper-
ature and relative humidity), on the aerosol composition,
and on the acidity of the particles.

The high NO3
− at night could be due to the reaction of

excess ammonium to form ammonium nitrate in fine par-
ticles and the thermal stability of NH4NO3 in central
Taiwan. The gaseous precursors, nitric acid and ammonia,
led to homogenous and heterogeneous reactions to pro-
duce NH4NO3 in fine particulate matter (Ravishankara
1997; Hu and Abbatt 1997; Pathak et al. 2011; Tsai
et al. 2014).

Figure 5 shows the ionic species constituents in particulate
matter for different PM concentrations. Results indicated that
sulfate, nitrate, and ammoniumwere the major ionic species in
PM10 and PM2.5. Three dominant ionic species increased with
the increase of PM concentration. A large increase in nitrate
was determined with PM10 concentrations over 70 μg m

−3 for
both stations. Low temperature and low humidity were deter-
mined during high PM conditions, which could enhance ni-
trate in PM, similar to the previous study in southern Taiwan
(Tsai et al. 2014).
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Gas precursors

Table 3 shows the gas precursor concentrations. High HCl
concentration was determined during the day, with the
average daytime concentration as much as 1.7–7.8 times
higher than that at night. HCl concentrations were 4.73
and 1.86 μg m−3 in summer and winter, respectively, at
Xitun. Similar concentrations were also determined in
Jhushan.

In addition, sea-salt Cl− depletion could increase in
summer, causing elevated levels of HCl (Horemans
et al. 2009). High temperatures favor the volatilization
ofNH4NO3 and the formation of HNO3, which in turn
reacts with NaCl and results in the volatilization of Cl
to form HCl (Harrison and Pio 1983; Harrison and Kito
1990; Wakamatsu et al. 1996; Pio and Lopes 1998;
Vianaa et al. 2005). The reaction pathway could be the
reason for the high HCl concentration in summer.

In the daytime, sea-salt particles are transported by sea
breezes (wind direction shown as Fig. 3), and the reaction
of NaCl with HNO3 could release HCl in the gas phase
(Thibert and Domine’ 1997) to form NaNO3 in coarse
particles. Cl− escapes to form HCl (Kadowaki 1977;
Hitchcock et al. 1980) following the reaction of
NH4NO3→HNO3 +NH3 and HNO3+ NaCl→NaNO3+
HCl, which could contribute to the high HCl concentra-
tion in the daytime and low concentration at night.

In winter, the average HONO concentration at night (4.2
±2.6 μg m−3) could be more than twice that observed during
the day (1.8±0.52 μg m−3). The HONO could be removed by
the photodecomposition process during the day. Nitrous acid
achieves the maximum concentration at night (Calvert et al.
1994). The stronger radiation conditions are conducive to the
consumption of HONO, resulting in lower HONO concentra-
tion in the daytime. The mixture of NO2, H2O, and NH3 could
form NH4NO3 aerosol and HONO gas by homogeneous nu-
cleation, which could explain the high HONO at night (Zhang
and Tao 2010).

High HNO3 was determined in the daytime in both
winter and summer. HNO3 concentration in winter was
twice that in summer. The dominant mechanism of
HNO3 could be NO2 reacting photochemically with hy-
droxyl radicals after sunrise (Russell et al. 1984, 1985) to
reduce the HNO3 concentration, which could explain the
high HNO3 concentration observed during the day
(Calvert and Stockwell 1983). OH radicals reacting with
NO2 could be an important reason for the higher concen-
tration of nitric acid in the daytime. The principal mech-
anism of HNO3 removal is that particulate nitrate is
formed directly by reaction with NH3 in the lower tropo-
sphere. In addition, high temperature is associated with
the volatility of particulate NH4NO3, which could be
another reason for the diurnal variation of HNO3

concentration.
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SO2 revealed high concentration during the daytime, and
the concentration difference between summer and winter was
insignificant at Xitun. But at Jhushan, the SO2 concentration
in winter was as much as twice that of the concentration at
summer.

Ammonia concentration was three times higher in winter
than in summer for both stations. The night-time concentra-
tion of ammonia was over 30 % higher than that during the
day at Xitun. In Taiwan, the ammonia emission was 206,
179 ton year−1 in 2010, with 37% fromwastewater treatment,
36 % from the livestock industry, 10 % from biogenic emis-
sion, and 9 % from agricultural activity (TEPA 2015). In ad-
dition, high amounts of ammonia are released from animal
husbandry operations, and fertilizer applications could be
sources for the formation of ammonium nitrate (Heo et al.
2013). Elevated NH3 levels occurred around mid-day, and
the NH4

+ and SO4
2− also increased considerably, indicating

that NH3 likely influenced aerosol particle mass in the summer
in Houston. Point sources (e.g., a coal combustion power plant
and a chemical plant) might be contributors of NH3 under
favorable meteorological conditions such as high lighting in
summertime (Gong et al. 2013).

The fertilizer industry, agricultural fermentation, and farm
animal waste could be sources of NH3 (Walker et al. 2004;
Plessow et al. 2005), which may easily transfer into the par-
ticulate phase as NH4

+ through reaction in the atmosphere
(Walker et al. 2004; Plessow et al. 2005). High ammonia con-
centration was determined in the area, especially in winter,
and it could neutralize acid gases (such as HNO3, H2SO4,
and HCl) to form particles such as NH4NO3, (NH4)2SO4,
and NH4Cl in particulate matter. NO3

−, SO4
2−, and NH4

+ were
the dominant ionic composition in the fine particles. NH4

+

could neutralize SO4
2− and NO3

− to form (NH4)2SO4 and
NH4NO3, respectively.

In India, high PM concentrations, water-soluble ionic spe-
cies in PM and precursor gases were determined in the Ganga
basin (Behera and Sharma 2010). High NH3 could come from
livestock, open drains, waste collection and disposal condi-
tions, fertilizer application, and biomass burning (Behera and
Sharma 2010; Simon et al. 2016). At the Guangdong area in
mainland China, high nitric acid and sulfur oxide is associated
with the high nitrate and sulfate in PM (Hu et al. 2008). At
Shanghai city (Shi et al. 2014), the HNO3 concentration was
similar to that in central Taiwan, but NH3 concentration was
lower than that in central Taiwan (Table 3). In southern
Taiwan, high ammonia was observed in the gas precursors
in winter. Low temperature and low relative humidity were
observed to present a relatively stable condition, and the ex-
cess ammonia could transfer into aerosol to form NH4NO3 in
PM (Tsai et al. 2014).

Concentrations of HCl and SO2 were higher in the daytime.
The concentrations of HNO3 during the day were about four
and five times higher than those at night for Xitun and

Jhushan, respectively. The reaction of NaCl(s) and HNO3(g)

may have produced HCl near the coastal area (Seinfeld and
Pandis 2006). Hence, this reaction cannot completely explain
the higher HNO3 concentration that occurred during the day.
NO2 reacts with hydroxyl radicals during the day and pro-
duces HNO3, which could be another dominant mechanism
after sunrise (Russell et al. 1984, 1985). In contrast to HNO3,
the concentrations of HNO2 and NH3 at night were about
twice as high as those during the day. But high HONO at night
could come from source emissions, i.e., combustion engines,
especially in diesel-powered vehicles (Kurtenbach et al. 2001)
or heterogeneous NO2–HONO chemical conversion (Su et al.
2008; An et al. 2009; Yu et al. 2009) In addition, nitrous acid
was rapidly photolyzed at wavelengths≤400 nm during the
day (Calvert et al. 1994). Thus, HNO2 accumulated mostly at
night and was photolyzed by BOH push^ after sunrise (Platt
and Perner 1980; Acker et al. 2005).

Generally, the retention time of NH3 may be a few hours in
the lower atmosphere, but it could be weeks in a calm envi-
ronment (Asman and van Jaarsveld 1992). Although a rela-
tively small amount of NH3 is emitted from industrial process-
es, the higher NH3 concentration at night in this studymay still
be closely related to industrial activities near the sampling
sites. Another reason for higher NH3 may be the stable atmo-
sphere at night (Cadle et al. 1982).

Table 4 shows the meteorological parameters in summer
and winter for both stations. At Xitun, the temperature was 26
±5 °C during the day and 23±5 °C at night in summer and 25
±2 °C during the day and 22± 1 °C at night in winter. In
addition, the temperature for day/night was 28±2/24±2 °C
in summer and 25± 2/21 ± 1 °C in winter at Jhushan. The
humidity was about 10 % lower during the day than at night
for both stations. In addition, the humidity was higher in sum-
mer than in winter.

The temperature difference was insignificant (p> 0.05)
during summer and winter in the area. High wind speeds were
determined in the daytime for both stations. Low wind speeds
were determined at night, especially in the Jhushan station.
The stagnant air flow could cause high PM mass concentra-
tion at night (shown as Table 1 and Fig. 3).

The stagnant meteorological conditions could enhance the
formation of new secondary species and the long-range trans-
port contributions of pollutants from anthropogenic sources
around other air basins associated with high PM concentra-
tions, which was similar to the results of Beijing (Gao et al.
2015).

Based on the back trajectory analysis [developed by
Chang’s groups (Lin and Chang 2002; Fig. 1)]—the back
trajectory was a grid cell model (2 × 2 km)—the air mass
was transported over the land to carry the upwind polluted
air past the station in the winter. The northerly prevailing
monsoon wind affected the wind direction in winter. In sum-
mer, the effects of the southerly prevailing monsoon wind
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were insignificant in central Taiwan, although some studies
indicated that the air mass moved from south to north and
moved inland to Nantou County (Tseng et al. 2009; Simon
et al. 2016). The wind rose diagram also reflected this phe-
nomenon (Fig. 3). The land–sea breeze affects the daily fluc-
tuation of wind direction, especially in Jhushan. In addition,
some studies have suggested that the mountain-valley wind
could be due to the mountains in the vicinity of Jhushan,
where the altitude climbs from 100–2,300 m within a distance
of less than 10 km (Jhushan township office 2016). Therefore,
the topography and solar radiation could affect the transport of
air pollutants in the Jhushan area.

Conversion ratio of sulfur and nitrogen species

The nitrogen species conversion ratio is determined as follows
(Khoder 2002):

Fn ¼
NO−

3

� �
p þ NO−

3

� �
g

NO2½ �g þ NO−
3

� �
p
þ NO−

3

� �
g

ð1Þ

where Fn is the conversion ratio for nitrogen at PM, [NO3
−]p is

the nitrate concentration in particulate matter, [NO3
−]g is the

nitric acid concentration in the gas phase, and [NO2]g repre-
sents the NO2 concentration in the gas phase.

In winter, the nitrogen conversion ratio was high at both
stations during the day and at night. In summer, the average
nitrogen conversion ratio was 0.16/0.18 and 0.08/0.09 for day
and night, respectively (shown as Table 5). The nitrogen spe-
cies conversion factor was higher in winter, indicating that
lower temperature and relative humidity promoted more rapid
formation of NO3

− and reduced the deliquescence in PM.
The high abundance of pollutants and low wind speed at

night cause high nitrogen concentrations at night. In addition,
the heterogeneous reaction that produced HNO3 is important
in a nighttime atmosphere with high relative humidity and wet
aerosol surface, particularly in winter (Foltescu et al. 1996),
which suggests that the hydrolysis of N2O5 could be an im-
portant source of nitric acid that could cause the nitrogen

conversion. The formation of NO3
− aerosol would be ammo-

nia sensitive (i.e., deficit ammonia), as evidenced by smaller
total ammonia concentration than the sum of the total sulfate
and nitrate concentrations (Shon et al. 2012).

The sulfur species conversion ratio is determined as fol-
lows (Khoder 2002):

Fs ¼
SO2−

4

� �
p

SO2−
4

� �
p
þ SO2½ �g

ð2Þ

where Fs is the conversion ratio for sulfur at PM, [SO4
2−]p is

the sulfate concentration (in microgram per cubic meter) at
PM, and [SO2]g is the SO2 concentration (in microgram per
cubic meter) in gas phase.

The conversion factor was high at night, especially on ep-
isode days. The sulfur conversion ratio was 0.30–0.41 for
daytime and 0.41–0.52 for nighttime in summer. Generally,
the conversion factor of sulfur species in summer was higher
than that in winter, and high conversion ratios were deter-
mined at night. Gas-phase oxidation of SO2 played an impor-
tant role in the formation of SO4

2− in PM (Gao et al. 2011).
Wet aerosol surfaces or droplet-containing aerosols could ab-
sorb SO2, leading to SO2 oxidation by ozone in droplets,
which could be an important mechanism of sulfur conversion.
Metals rich in fine particulate matter could enhance the het-
erogeneous catalytic conversion of SO2 gas into sulfate in the
atmosphere (Clements et al. 2013).

Secondary water-soluble ions are the dominant ions in
fine particles at all sampling sites. Homogenous gas-phase
formation of nitrate is evidence of the ammonium-rich
conditions. In contrast, when the environmental NH4

+ is
poor, SO4

2− and NO3
− are formed mainly through the

heterogeneous reaction of precursor gases with marine
and crustal particles, especially in the coarse mode. The
sulfur oxidation ratio (SOR) and the nitrogen oxidation
ratio (NOR) indicate a high photochemical oxidation
property over the entire region (Li et al. 2013).
Homogenous gas-phase formation of nitrate is evidenced
in the ammonium-rich samples.

Table 4 Meteorological parameters include temperature, relative humidity, wind speed, and light intensity

Parameter Xitun Jhushan

Summer Winter Summer Winter

Day Night Day Night Day Night Day Night

T (°C) 25.6 ± 5.4 22.7 ± 5.1 25.3 ± 1.8 21.6 ± 1.4 28.3 ± 2.4 24.3 ± 1.6 25.0 ± 1.5 20.9 ± 0.8

RH (%) 72.2 ± 10.8 86.8 ± 5.1 61.0 ± 4.1 77.3 ± 3.2 68.7 ± 10.3 85.0 ± 5.2 60.9 ± 3.1 76.9 ± 2.2

WS (m s−1) 1.8 ± 0.6 1.2 ± 0.4 1.3 ± 0.1 1.1 ± 0.5 1.5 ± 0.3 0.5 ± 0.1 1.1 ± 0.2 0.5 ± 0.1

Global solar radiation (MJ m−2) 15.0 ± 3.1 10.7 ± 1.6 12.4 ± 1.7 9.6 ± 0.8

Duration of sunshine (h) 4.4 ± 1.2 4.4 ± 0.8 3.7 ± 0.9 3.9 ± 0.7
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In addition, NH4
+ played an important role in the formation

of SO4
2− and NO3

− in fine particulate matter. However, het-
erogeneous reaction is the main formation mechanism of SO4

2

− and NO3
−, which tended to be enriched in the coarse mode.

High conversion factor was determined in Jhushan, which
could indicate a high fraction of gas precursors (such as SO2

and NO2) converted into PM and reflected in the PM concen-
tration at Jhushan, especially in winter.

Conclusions

The fine particulate matter fraction was 0.55–0.59 and 0.61–
0.71 of PM10 for daytime and nighttime at both stations. There
was an insignificant difference of fine particulate matter frac-
tion between seasons. However, high fine particulate fraction
was determined at nighttime. Ionic species content ranged
from 38 to 53 % for PM2.5 and from 43 to 48 % for PM10.
Mg2+ and Ca2+ contributed a large fraction of the total water-
soluble ions in coarse particles. But the secondary water-
soluble ions (SO4

2−, NO3
−, and NH4

+) composed more than
50 % of the total ions and were mainly found in fine particles.

The nitrogen species conversion factor was higher in win-
ter, but that of sulfur was higher in summer. As a result, the
formation of SO4

2− and NO3
− is governed by different condi-

tions in different seasons. Generally, ammonium sulfate is
more stable than ammonium nitrate. In winter, the high
HNO3 and NH3 concentrations and rich ammonium condition
([NH4

+]/[SO4
2−] > 2) could enhance the NH4NO3 formation in

fine particulate matter. Results indicated that lower tempera-
ture and relative humidity promoted NO3

− formation and re-
duced the deliquescence in PM. Furthermore, pollutants may
be transported from other air basins (Taichung, Changhua, and
Yunlin) during the daytime under sea breeze conditions and
accumulate at night, resulting in chemical reactions that could
account for the high PM concentration at Jhushan and exhibit
a PM concentration similar to that at Xitun.

The study integrated the water-soluble ionic species in par-
ticulate constituents, gaseous precursors, and meteorological

parameters and explained their relationships in summer and
winter at both stations. It could be useful to explain the high
mass fraction of water-soluble ionic species in PM. However,
there is still more than 50 % PM mass constituents not iden-
tified (such as organic and elemental compositions) in this
work, which could be a limitation for PM composition analy-
sis and determine the formation mechanisms and source con-
tributions of atmospheric PM.
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