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ABSTRACT 

Distribution of inorganic ions at an urban/industrial/agricultural complex was investigated in southern Taiwan during 
particulate matter (PM) episode and non-episode periods, and the Micro Orifice Uniform Deposit Impactor (MOUDI) and 
nano-MOUDI were employed to take PM samples. In PM episode periods, the PM significantly increased in mass 
concentration and in the size ranges of 0.1–1.0 and 1.8–18 m at the site. Sulfate, nitrate and ammonium were the dominant 
ionic species and contributed a large fraction of PM mass in different sizes. The nitrate concentration increase on episode 
days could be attributed to the increase of precursor gas-NO2 concentration during these periods. In addition, SO2 was 
significantly correlated to SO4

2– in the nuclei mode (PM0.1), which indicated that the gas had transferred into particulate 
matter. The molar equivalent ratio of {[NO3

–] + [SO4
2–]}/[NH4

+] was about 0.99 and revealed a high correlation that could 
indicate the presence of ammonium nitrate and ammonium sulfate in PM1.
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INTRODUCTION

Size distributions and chemical compositions of 
atmospheric aerosols play important roles in their toxicity, 
health effects, and visibility in urban areas (Ny and Lee, 
2011; Han et al., 2012). Many epidemiological studies have 
been published on the health risks associated with PM that 
is 10 m or less in diameter (Health Effects Institute, 2003). 
Some results have also shown an association between PM 
and cardiovascular and respiratory disease (Oberdorster et 
al., 1995; Burnett et al., 1997; Ostro et al., 2000; Brunekreef 
and Forsberg, 2005; Kan et al., 2007). In America and 
Europe, epidemiologic studies of PM2.5 have shown that 
long-term exposure is associated with an increase in mortality 
due to lung cancer and other cardiopulmonary diseases (Naess 
et al., 2007; Brunekreef et al., 2009; Boldo et al., 2011). 
Therefore, PM characteristics such as size distribution and 
composition are important issues impacting the health effects 
of these atmospheric aerosols. 

Numerous studies have measured ionic species in 
particulate matter (Lee et al., 1999; Bari et al., 2003a, b; 
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Pathak et al., 2003, 2004; Pathak and Chan, 2005; Tsai et
al., 2005; Aneja et al., 2006; Wang et al., 2008; Hsieh et 
al., 2009; Deshmukh et al., 2011; Stone et al., 2011). Zhao 
and Gao (2008) indicated that PM1.8 made up 68% of PM10
mass concentrations, and water-soluble ions accounted for 
more than 50% of PM1.8 mass concentrations, suggesting 
the significant role of water-soluble aerosol components in 
controlling the mass concentration of urban PM1.8. But the 
mass size distribution of water-soluble inorganic and organic 
species is not well understood. Information about the 
distribution of sulfate, nitrate, ammonium and other species in 
aerosol is still lacking. Besides organic species, sulfate, 
nitrate and ammonium were the dominant components of 
water-soluble ions in PM (Aneja et al., 2006; Hsieh et al., 
2009; Li et al., 2009; Lin et al., 2009; Shen et al., 2009; 
Katzman et al., 2010; Deshmukh et al., 2011; Plaza et al., 
2011; Shen et al., 2011; Zhao et al., 2011). In the South 
Coast Air Basin, California, USA, up to 80% of nitrate and 
ammonium in fine particles was formed from precursor 
gas, and most of it came from mobile sources such as 
diesel and gasoline engines (Ying and Kleeman, 2006). 
Han et al. (2008) showed that ionic constituents accounted 
for 35–60% of PM2.5 mass in industrial and urban cities of 
Korea, and sulfate and nitrate were the major ionic species. 
Plaza et al. (2011) indicated that the sulfate and ammonium 
mass was concentrated in accumulation mode, from 0.18–
0.56 m, and nitrate concentration was higher in coarse 
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mode than in accumulation mode in the urban area of 
Madrid. Therefore, the gas phase and condensation processes 
for secondary aerosol formation could be important 
mechanisms in the urban area of Madrid. Through 
photochemical reactions in the atmosphere, NOx and SO2
emitted from natural and artificial sources led to the 
formation of nitrate and sulfate (Buhr et al., 1995; Hazi et
al., 2003; Pathak and Chan, 2005). Nitrate was primarily in 
the submicron and coarse modes (Zhuang et al., 1999; Tsai 
and Kuo, 2006; Zhao and Gao, 2008). The size distribution 
of sulfate and ammonium in PM reveals a bi-modal 
distribution of two submicron modes (Cabada et al., 2004) 
or one submicron and one supermicron mode (Tsai and 
Kuo, 2006). Therefore, source emissions, human activities, 
chemical reactions, and meteorological conditions could 
affect the size portion and composition of PM in urban, 
rural and industrial areas (Wang et al., 2005; Hu et al., 2010, 
Oh et al., 2011). 

Ammonia may easily transfer into the particulate phase 
as NH4

+ through reaction in the atmosphere (Walker et al.,
2003; Plessow et al., 2005). Natural and anthropogenic 
sources, including the fertilizer industry, agricultural 
fermentation, and farm animal waste, could be sources of 
NH3 (Walker et al., 2003; Plessow et al., 2005). Sulfate 
and nitrate are major components in particulate mass, and 
they could react with ammonia or ammonium to form 
ammonium nitrate and ammonium sulfate in the particulate 
phase. Most studies have reported similar measurements of 
gases and ionic species in particulate matter, but few have 
measured all of the compounds in different size fractions. 
In addition, water-soluble ionic species contribute a large 
portion of particulate mass; therefore, this article focuses on 
the water-soluble ions in PMsize distribution as an important 
issue for ambient air quality management. However, the 
elemental and carbonaceous contents are also important in 
PM constituents. 

The water-soluble ionic species including anions (NO3
–,

SO4
2–, Cl–, F–, NO2

–, Br–) and cations (NH4
+, Na+, K+,

Ca2+, Mg2+) for particulate size distribution and gaseous 
pollutants (i.e., HNO2, HNO3, HCl, SO2, NH3) were 
determined in southern Taiwan during episode and non-
episode periods. Distributions of the various size ranges 
were measured by a Micro Orifice Uniform Deposition 
Impactor (MOUDI) and a Nano-MOUDI. 

MATERIALS AND METHODS 

Study Area and Sampling Site 
The ambient aerosol particle measurements were taken 

at the Daliao ambient air quality monitoring station, which 
is part of the Taiwan Air Quality Monitoring Network 
established by the Taiwan Environmental Protection 
Administration (TEPA) in 1993. This monitoring station 
was located immediately downwind from the Kao-Ping 
(Kaohsiung-Pingtung) ambient air quality basin, where the 
air quality has been the worst in Taiwan, primarily due to 
the high emission of air pollutants in the area. It is of note 
that the Daliao monitoring site is located less than 10 km 
from the coastal area in Kaoshiung, Taiwan. 

Kaohsiung, an urban, agricultural and industrial 
metropolitan city in southern Taiwan, is the second largest 
city in the country. According to an emission inventory 
conducted by TEPA, emissions from the Kaohsiung air 
basin contributed over 20% to total air pollutant emissions 
in Taiwan (TEPA, 2005). The environmental loading of air 
pollutants in Kaohsiung was nearly twice that of other air 
basins in Taiwan (TEPA, 2006). Of the total emissions in 
Taiwan, 34,000 ton/yr PM2.5, 157,000 ton/yr non-methane 
hydrocarbon, 66,000 ton/yr SOx, and 164,000 ton/yr NOx
were emitted in the Kaohsiung area (TEPA, 2006). Seventy-
eight percent of the air pollutants was emitted from stationary 
sources (power plant, oil refinery plant, iron and steel 
industry, petrochemical industry, and others) and 22% from 
mobile sources (motorcycles, gasoline vehicles, diesel vehicles 
and off-road vehicles) (TEPA, 2006). The location of the 
sampling site and emission sources is shown in Fig. 1. 

Although particulate matter accounts for a large portion 
of the air pollution in this area, meteorological variations 
also influence bad air quality episodes. Generally, the rainy 
season runs from May to September (summer to autumn), 
and high-pollution episodes often occur between October 
and February (winter to spring) during the following year.  

In Taiwan, the ambient air quality standard of 24 h PM10
concentration is set at 125 g/m3. Therefore, the sampling 
concentration of PM10  125 g/m3 was presented as the 
episode days and the PM10 concentration < 125 g/m3 was 
presented as the non-episode days. 

Sampling Program 
In January, March, August and December 2006 and July 

2007, there were 15 episode samples (with an average PM10
concentration of 163 ± 30 g/m3) and 23 non-episode samples 
(with an average PM10 concentration of 54 ± 28 g/m3) during 
which TEPA monitored for PM10 levels.  

The sampling system used in this study consisted of a 
MOUDI and a nano-MOUDI sampler. This system has been 
used previously by many other investigators (e.g., Geller et
al., 2002; Miguel et al., 2005). The designed cut-off sizes 
were 18, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.10, 0.056, 0.032, 
0.018, and 0.010 m. The flow rates for MOUDI and nano-
MOUDI were 30 and 10 L/min, respectively. Particulate 
matter was collected using 47-mm Teflon filters (ZefluorTM-
supported PTFE) for the nano-MOUDI sampler and 37-
mm filters for the MOUDI sampler. The weight of the filters 
and collected mass particulate concentration were measured 
using a microbalance (Mettler Toledo, MX5) with a reading 
precision of 3 g at 25°C and 40% relative humidity. Prior 
to weighing, the filters were conditioned at 25 ± 2°C and 
40 ± 5% relative humidity for 48 h. 

Denuder Sampling 
The denuder system employed in this study was composed 

of a cyclone with a cut-off diameter of 2.5 m (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). Airflow was 
set at a constant rate of 16.7 L/min. 

The first denuder was coated with 10 mL of 0.1% (w/v) 
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Fig. 1. Map of emission sources and sampling site. 

NaCl in 1:9 methanol/deionized water solutions for the 
absorption 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 m, USA) was set up to collect particulate 
matter < 2.5 m 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. Two denuder sampling systems 
were analyzed at Daliao station for quality assurance and 
quality control procedures, and the relative error for all gas 
species and particulate ions ranged from 5–17%. In addition, 
the additives of HNO3, SO2 and NH3 gases were used to 
measure the recovery of the denuder adsorption system. 
Recoveries were 97 ± 6%, 96 ± 5% and 98 ± 11% for HNO3,
SO2 and NH3, respectively. The gas collection efficiency 
was similar to that reported in other studies (Sioutas et al., 
1996; Acker et al., 2005). 

Chemical Analysis 
The collected aerosol filters were ultrasonically extracted 

for 2 h into 20 mL of deionized distilled water and passed 

through a Teflon filter of 4.5 m nominal pore size. Ion 
chromatography (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 accomplished using an IonPac AS 12A (4 × 200 
mm) analytical column, an AG 14 guard column with a 10 L
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. The separation 
of cations was accomplished using an IonPac CS 12A (4 × 
250 mm) analytical column, a CG 14 guard column with a 
50 L sample loop, and a cation self-regenerating suppressor-
ultra. A solution of 20 mM methanesulfonic acid was used as 
the eluent at a flow rate of 1 mL/min. This analysis method 
yielded detection limits between 0.003 (Ca2+) and 0.06 
(NO2

–) g/m3 and recoveries from 95 (Na+) to 105% (NO2
–).

Some ionic imbalance was encountered due to carbonate 
species, especially in coarse particles when dust was abundant 
(Noguchi et al., 2004; Hodzic et al., 2006). The anion-to-
cation charge ratio was in the range of 0.94 ± 0.13 in coarse 
particles. Therefore, the carbonate content did not seem to 
affect the ionic balance of particulate composition; however, 
the carbonate species were not examined in this work, which 
could be a limitation of the study. 

RESULTS AND DISCUSSION 

Particulate Matter Concentration 
Particulate concentrations were 155 ± 32 and 46 ± 29 

g/m3 on episode and non-episode days, respectively (Table 
1). The mass concentration significantly increased in the 
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particle size ranges of 0.1–1.0 and 1.8–18 m, and each size 
range contributed about 37–41% TSP mass concentration 
during episode and non-episode days. Generally, the chemical 
compositions of fine and coarse particles are distinct, and 
the processes affect the formation and removal of these two 
size fractions of aerosol in distinct ways. Fine particles are 
formed by nucleation with gases, while coarse particles are 
formed by mechanical processes from large particles. Distinct 
sources and production mechanisms generate modes of 
distinct chemical composition of fine and coarse particulate 
matter. Crustal (dust, minerals, sea salt) and biological 
material (pollen, spores, bacteria) could be the sources of 
coarse particles. Chemical reactions to form fine particulate 
matter, and sulfates, nitrates, ammonium, carbon, metals and 
water could be the composition of fine particles. Wind speed 
and relative humidity were not significantly different during 
the episode and non-episode days. But the temperatures were 
lower on episode days lower than on non-episode days, which 
could explain the bad air quality in winter and spring in 
southern Taiwan. 

Particle size distributions for episode and non-episode 
days are shown in Fig. 2. PM mass did not increase in the 
nano and large particle sizes (Dp, particle aerodynamic 
diameter > 18 m). But particulate number could be the 

more important issue in nanoscale particulate matter. Due 
to their small size, nanoparticles make up a small fraction 
of the ambient particulate mass (less than 10%) but the 
majority of airborne particles by number. The major sources 
of primary nanoparticles are mobile vehicles and stationary 
fuel combustion in the South Coast Air Basin in California. 

Water-soluble Ionic Species 
Table 2 shows the ionic species content in different 

particulate sizes. Ionic species content ranged from 39 to 
63% for episode days and from 14.5 to 39% for non-episode 
days. Results indicated that the high ionic species fraction 
contributed to particulate mass during the episode days and 
that the increase of ionic content was significant. Sulfate, 
nitrate, and ammonium were the major water-soluble species 
in PM constituents, contributing 70–90% of the mass fraction 
of analyzed ionic species at the particle size > 1.0 m and 
50–60% mass concentration at the ultrafine particle size.  

The PM2.5 concentration and water-soluble ions identified 
in this study were compared to those of other studies 
conducted in southern Taiwan (Tsai and Chen et al., 2006; 
Tsai et al., 2011). Tsai and Chen’s work (2006) indicated the 
concentrations of particulate matter and ionic constituents 
were in the same range for episode and non-episode periods  

Table 1. PM mass concentration of different particle size during episode and non-episode periods. 
Concentration ( g/m3) Episode (n = 15) Non-episode (n = 23) Ratio Episode/Non-episode 

PM>18 7.7 ± 4.5 2.4 ± 1.1 3.3 
PM1.8–18 57.8 ± 14.5 18.8 ± 8.1 3.1 
PM1–1.8 26.1 ± 12.2 5.4 ± 5.8 4.9 
PM0.1–1 57.9 ± 15.3 17.0 ± 14.1 3.4 

PM0.056–0.1 0.9 ± 0.5 0.4 ± 0.3 2.5 
PM0.056 4.5 ± 2.8 2.5 ± 2.2 1.9 

TSP 155.0 ± 32.1 46.3 ± 28.8 3.4 
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Fig. 2. Size distribution of particulate matter concentration on episode and non-episode days. 
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Table 2. Water-soluble ions in different particle size during episode and non-episode periods. 

Concentration ( g/m3) Episode (n = 15) 
TSP PM18 PM1.8 PM1 PM0.1 PMnano

Na+ 3.05 ± 0.8 2.91 ± 0.8 0.97 ± 0.4 0.69 ± 0.3 0.19 ± 0.07 0.17 ± 0.06
NH4

+ 15.27 ± 6.6 15.24 ± 6.6 13.03 ± 5.0 8.99 ± 2.9 0.19 ± 0.09 0.19 ± 0.18
K+ 1.36 ± 0.4 1.33 ± 0.4 1.03 ± 0.3 0.79 ± 0.3 0.12 ± 0.07 0.11 ± 0.06

Mg2+ 0.69 ± 0.2 0.64 ± 0.2 0.24 ± 0.1 0.17 ± 0.1 0.06 ± 0.02 0.05 ± 0.02
Ca2+ 3.13 ± 1.0 2.84 ± 1.0 1.25 ± 0.7 0.93 ± 0.5 0.36 ± 0.21 0.32 ± 0.19
Cl– 4.23 ± 2.5 4.04 ± 2.5 2.27 ± 1.7 1.54 ± 1.0 0.20 ± 0.09 0.19 ± 0.08

NO3
– 28.70 ± 11.2 28.31 ± 11.2 19.11 ± 10.0 12.52 ± 5.7 0.36 ± 0.23 0.27 ± 0.12

SO4
2– 22.48 ± 6.4 22.23 ± 6.3 18.47 ± 5.6 13.57 ± 5.2 0.68 ± 0.43 0.54 ± 0.37

Particulate Matter 155.0 ± 32.1 147.3 ± 33.5 89.4 ± 20.3 63.3 ± 14.9 5.4 ± 3.1 4.5 ± 2.7 

Concentration 
( g/m3)

Non-episode (n = 23) PM2.5
(Tsai and 

Chen, 2006)

PM2.5
(Tsai et al., 

2011) TSP PM18 PM1.8 PM1 PM0.1 PMnano

Na+ 1.60 ± 0.6 1.46 ± 0.5 0.31 ± 0.1 0.19 ± 0.08 0.04 ± 0.03 0.05 ± 0.03 0.82–0.89 0.58–0.76
NH4

+ 2.57 ± 2.2 2.54 ± 2.2 2.16 ± 1.9 1.87 ± 1.58 0.05 ± 0.05 0.05 ± 0.02 3.91–5.10 2.12–4.21
K+ 0.38 ± 0.2 0.37 ± 0.2 0.26 ± 0.2 0.03 ± 0.03 0.02 ± 0.02 0.02 ± 0.02 1.00–1.42 0.57–0.62

Mg2+ 0.32 ± 0.1 0.30 ± 0.1 0.10 ± 0.04 0.07 ± 0.03 0.02 ± 0.02 0.02 ± 0.01 0.24–0.54 0.13–0.49
Ca2+ 0.88 ± 0.4 0.79 ± 0.4 0.28 ± 0.1 0.20 ± 0.10 0.04 ± 0.04 0.05 ± 0.05 0.93–1.34 0.54–0.66
Cl– 1.72 ± 0.9 1.52 ± 0.8 0.28 ± 0.3 0.19 ± 0.23 0.02 ± 0.02 0.03 ± 0.02 1.31–1.37 1.06–1.07

NO3
– 3.65 ± 3.6 3.53 ± 3.6 1.48 ± 1.8 1.14 ± 1.57 0.08 ± 0.09 0.08 ± 0.05 3.48–6.08 1.39–3.13

SO4
2– 5.29 ± 3.7 5.20 ± 3.7 4.46 ± 3.4 3.81 ± 2.89 0.08 ± 0.07 0.06 ± 0.04 7.74–10.41 5.02–13.21

Particulate Matter 46.3 ± 28.8 43.9 ± 27.9 25.1 ± 20.6 19.8 ± 15.4 2.0 ± 2.2 2.5 ± 2.2 44–68 43–55 
PMx: particulate matter (PM) with diameter < x m, and nano = 0.056 m; TSP: total suspended particle. n: sample number

of this study, but the sulfate and nitrate contents were 
about half of the values reported in our study. In addition, 
another work reported similar PM2.5 concentrations and 
compositions for non-episode periods but observed high 
chloride ion and sulfate content. This finding was attributed 
to the fact that their sampling site was near the coast (Tsai 
et al., 2011). 

During the episode periods, the sequence of the major 
ionic species in the fine particulate matter was NO3

– > 
SO4

2– > NH4
+ > Cl– > Ca2+ > Na+ at the particulate size > 

1.8 m; but the sequence was SO4
2– > NO3

– > NH4
+ > Cl– > 

Ca2+> Na+ > K+ at particulate size less than 1 m. Results 
indicated that nitrate was higher than sulfate in coarse 
mode particles. But sulfate content was higher than nitrate 
content for particle size > 0.1 m on non-episode days. 

Na+, Ca2+ and Mg2+ predominated in the coarse 
particulate matter (Dp > 1.8 m) (Figs. 3(a), (c) and (d)). This 
is consistent with work by Wall et al. (1988), which showed 
that sodium ions peak at around 1 to 10 m and primarily 
in the coarse particulate matter. This is attributed to erosion 
of soil and crustal rock as well as sea salt spray. In this 
study, potassium ions (Fig. 3(b)) were dominant in the fine 
particles (0.18–1.8 m) due to burning of vegetative material, 
i.e., rice straw, during the sampling period in Daliao, where 
there are some agricultural activities. Ryu et al. (2004) 
investigated biomass-burning aerosols and found that Cl–,
NO3

–, SO4
2–, NH4

+, and K+ were the major ionic species in 
the particles. K+ is the major electrolyte in cell cytoplasm, 
which is released in large amounts of K-rich particulates in 
the submicron size fraction (Andrease et al., 1983, 1998). 

It is a useful tracer for pyrogenic aerosols in plants.  
Xiu et al. (2004) also investigated inorganic ions in size-

fractionated particulate matter and found that the sequence 
of concentration was SO4

2– > NO3
–  NH4

+ > Cl– > F– in each 
size fraction. According to the mass fraction of the ionic 
species, SO4

2–, NH4
+, and K+ were predominant in the fine 

particulate matter. Nitrate existed in both the fine and coarse 
particulate matter. In addition, SO4

2– and NH4
+ were foremost 

in aerodynamic diameters less than 2 m (fine particle) 
(Wall et al., 1988). Wall et al. found that the nitrate peaks 
were in the aerodynamic diameters of 0.2, 0.7 and 3 m, 
indicating that nitrate could form in fine and coarse modes. 

High ammonium mass concentration was in the range of 
0.18–3.2 m, and most of the ammonium was in fine particles 
(< 1.8 m) (Fig. 3(e)). In the atmosphere, NH3 and HNO3
are neutralized to form NH4NO3 in aerosol. Zhuang et al.
(1999) investigated the production of ammonium from the 
condensation of NH3 on particle surfaces. Ammonia reacts 
with acidic gases such as sulfuric acid, nitric acid and 
hydrochloric acid to form ammonium sulfate, ammonium 
nitrate and ammonium chloride in fine particles. Some 
suggested that the coarse mode ammonium resulted from the 
reaction of ammonia with acids such as sulfuric acid or nitric 
acid on the coarse particles (Wall et al., 1998). The important 
sources of NH3 are animal waste and ammonification of 
humus, followed by emission from soil, losses of NH3-based 
fertilizers from soil, and industrial emissions in the area 
surrounding the sampling site. 

The size distribution of chloride ion mass was significant in 
the size ranges of 0.32–1.8 and 3.2–18 m (Fig. 3 (f)). Sea 
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Fig. 3. Ionic species concentrations in different particulate matter size on episode and non-episode days. 
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salt could be the source of chloride ions in coarse particles, 
and industrial emissions and chemical reactions could be 
the source of fine particles. 

Nitrate concentration peaks were bi-modal, one at the 
fine particle mode and the other at the coarse mode (Fig. 
3(g)). About half of the NO3

– is found in the coarse mode 
together with most of the Na+. The coarse mode-NO3

– is 
the result of reactions of nitric acid (HNO3) with sodium 
chloride or crustal material. De Leeuw et al. (2001) suggested 
that NaNO3 is formed on the surface of an existing coarse 
mode sea salt or mineral dust particle, and NaNO3 and 
Ca(NO3)2 can be collected in the coarse mode. A secondary 
aerosol is formed through the reaction of a natural sea salt 
or dust with anthropogenic HNO3. Jonson et al. (2000) 
reported that a large fraction of NO3

– in sea salt was in the 
form of NaNO3 due to its lower volatility than NH4NO3.

Nitrate size distributions were bi-modal, peaking at 1.0–
1.8 and 3.2–18 m. During the episode periods, the nitrate 
in the 0.32–0.56 m size range increased, and it could be 
formed by the co-condensation of gaseous ammonia and nitric 
acid on preexisting particles. Supermicron-mode nitrate (1.0–
1.8 and 3.2–18 m) could be formed through the reactions 
of gaseous nitric acid with sodium- or calcium-containing 
coarse particles. 

NOx can be converted into HNO3 and combines with NH3
to form nitrate as a secondary aerosol by photochemical 
reactions (Watson et al., 1994; de Leeuw et al., 2001). In 
this study, the nitrate concentration increased by about 8 
times during the episode days; the precursor gas of NO2
concentration ranged from 10 ppb on non-episode days to 32 
ppb on episode days. Motor vehicle exhaust and stationary 
combustion sources could be the major sources of NOx.
Therefore, the increase of NO2 could be one reason for the 
high concentration of NO3

– in PM during the episode periods. 
Kaneyasu et al. also found that nitrate and non-sea salt 

sulfate are predominant in fine particles because of local 
pollution (Kaneyasu et al., 1999). Kaohsiung is an ozone 
non-attainment region and industrial metropolitan area, 
with power plants, industries (petrochemical industry, iron 
and steel plant etc.), and motor vehicles being the major 
sources of NOx. Therefore, coal and oil combustion could be 
important sources of gaseous precursors of nitrate in fine 
particles. 

In this study, the fine mode (dp < 1.8 m) always 
dominated the distribution of sulfate (Fig. 3(h)). The peak 
of sulfate mass concentration was at 0.56–1.0 m, and high 
concentration was found in the wide range from 0.1–18 

m. Neither condensation of vapor nor coagulation of smaller 
particulate matter was verified as the formation mechanism 
for particles less than 1 m. Sulfate is most often converted 
from the photochemical oxidation of sulfur-containing 
precursors such as SO2, H2S, CH3SH, and CS2. SO2 is the 
largest contributor of sulfate among the sulfur-containing 
compounds (Khoder, 2002). Sulfur oxide can be oxidized to 
H2SO4 by gas phase, aqueous phase, or multi-phase reactions 
of oxidants or radicals by condensation or nucleation of 
H2SO4 on particulate matter or to form a new aerosol. Partial 
H2SO4 was neutralized by NH3 to form (NH4)2SO4 or
NH4HSO4. In general, SO4

2– is mainly in the fine particles, 

particularly particles < 1 m (Zhuang et al., 1999; Park and 
Kim, 2004), which is similar to the size distribution of sulfate 
in this study. Daliao sampling station is not far from the 
coastal area in Kaohsiung, Taiwan. Generally, the land-sea 
breeze extends inland about 30–100 km (Hsu, et al., 1988; 
Chiu et al., 2005; Muppa et al., 2011). Therefore, sea salt 
and soil sulfate could be the sources of sulfate (Wall et al., 
1988; Zhuang et al., 1999), especially in coarse particles 
(particulate diameter > 2.5 m). In addition, the sulfate in 
coarse mode was attributed to the reaction of CaCO3 with 
H2SO4 in aqueous phases to produce calcium sulfate (Davis 
and Jixiang, 2000; Xie et al., 2005; Kouyoumdjian and 
Saliba, 2006). Furthermore, droplet oxidation of SO2 in 
clouds was also suggested as a source of non-sea salt sulfate 
in coarse mode (Kerminen and Wexler, 1995). 

Acid and Base Gases 
Table 3 shows the acid and base gas concentrations; the 

average concentration of NH3 was 27/25 g/m3, SO2 was 
26/6.6 g/m3, HNO3 was 3.8/1.6 g/m3, HNO2 was 6.0/2.6 

g/m3, and HCl was 2.2/2.7 g/m3 during episode/non-
episode periods. During the episode periods, the concentration 
of SO2, HNO2 and HNO3 increased significantly, but that 
of NH3 did not. In addition, the NO2 concentration was 
obtained from the TEPA, and its concentration was 18 g/m3

on non-episode days and increased to 61 g/m3 on episode 
days. The increase of NO2, HNO2 and HNO3 is associated 
with meteorological conditions that enhance the increase 
of NO3

– in PM during episode periods. Compared to other 
areas, NH3 was higher than in New York and Seoul, Korea; 
more agricultural activities could be one reason for the 
high concentration in Daliao. SO2 concentration during the 
episode periods was high compared to other areas. HONO 
concentration was highest in Seoul, but HNO3 was low. 

NO2 reacts photochemically with hydroxyl radicals after 
sunrise and produces HNO3, which could be a dominant 
mechanism (Russell et al., 1984, 1985). High HONO 
could come from combustion engines, i.e., diesel vehicles 
(Kurtenbach et al., 2001), or heterogeneous reaction of NO2-
HONO system (Su et al., 2008; An et al., 2009; Yu et al., 
2009). The HNO2 could be rapidly photolyzed (wavelengths 

 400 nm) by “OH push” after sunrise and accumulated 
mostly at night (Platt and Perner, 1980; Calvert et al., 1994; 
Staffelbach et al., 1997; Acker et al., 2005). 

Ammonium, Nitrate and Sulfate System 
High correlation was observed between calcium ions and 

sulfate at the larger particulate mode (Fig. 4(a)). But low 
correlation was found for two ionic species in fine particles 
(data not shown). In addition, low correlation was also 
observed between calcium ions and other species (Cl–

(correlation coefficient, r < 0.6), NO3
– (r < 0.7)). Sulfate in 

the coarse mode may be attributed to the reaction of CaCO3
with H2SO4 to form CaSO4 in coarse particles (Davis and 
Jixiang, 2000; Xie et al., 2005; Kouyoumdjian and Saliba, 
2006). In addition, low correlations were determined between 
sodium ions and other anions such as chloride ions (r < 0.6), 
nitrate (r < 0.7) and sulfate (r < 0.7) at the larger particle size. 
Fig. 4(b) presented the correlation of sodium ions and nitrate 
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Table 3. Acid and base gas concentration ( g/m3). 
Site Sampling periods HCl HNO2 HNO3 SO2 NH3 Remark

Daliao, 
Taiwan 

2006.1–
2007.7 

Episode 2.25 ± 2.46 5.98 ± 2.98 3.83 ± 3.69 25.94 ± 11.32 27.31 ± 11.07 This studyNon-episode 2.68 ± 2.82 2.63 ± 1.65 1.60 ± 1.65 6.55 ± 6.76 25.35 ± 13.88
Taichung, 

Taiwan 2002.1–2002.12 1.9–3.5 1.1–2.6 6.4–11.4 Lin et al.,
2006 

New York, 
USA 1999.7–2000. 6 0.25–0.93 1.92–4.44 0.62–3.58 17.55–40.60 2.85–4.24 Bari et al., 

2003 
Seoul,
Korea 

2001.10–
2001.11 

Hazy episodes 11.4 ± 4.61 0.94 ± 0.40 8.68 ± 2.33 6.00 ± 1.33 Kang et
al., 2004Non-hazy episodes 5.87 ± 1.81 0.45 ± 0.14 5.39 ± 1.66 4.81 ± 1.78 

 (a) [Ca2+] vs. [SO4
2-] in TSP  (b) [Na+] vs. [NO3

–] in TSP 
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Fig. 4. Characteristics of calcium ions, sodium ions, sulfate and nitrate in total suspended particles. 

in TSP. Although some studies reported in the literature 
indicated that nitric acid could react with sodium chloride on 
sea salt aerosols (Tenbrink, 1998; Pryor and Sørensen, 2000; 
Saul et al., 2006), it was not express the high correlation 
between sodium ion and nitrate in the larger size range 
particles. 

Based on the molar concentration of ammonium and 
sulfate at PM0.1, the molar ratio of [SO4

2–]/[NH4
+] was 0.54, 

and high correlation was observed between sulfate and 
ammonium in ultrafine mode (Fig. 5(a)). Results indicated 
that ammonium could neutralize sulfate to form (NH4)2SO4
in the ultrafine mode.  

In addition, nitrate came from both primary and secondary 
sources, with the coarse mode nitrate generated from sea salt 
spray and the fine mode nitrate produced by photochemical 
reaction. A strong correlation of ammonium and nitrate was 
determined at PM1 (Fig. 5(b)). Furthermore, the equivalent 
ratio of {[NO3

–] + [SO4
2–]}/[NH4

+] was about 0.99 and 
revealed a high correlation between {[NO3

–] + [SO4
2–]} and 

[NH4
+] that clearly pointed to ammonium neutralization or 

reaction with nitrogen and sulfur species to form ammonium 
nitrate and ammonium sulfate in PM1 (Fig. 5(c)). Results 
indicated that ammonium nitrate and ammonium sulfate 

could be the dominant constituents in the particle size < 1 
m. Solar radiation induces photochemical reactions that 

create hydroxyl radicals, which react with atmospheric 
constituents. Emissions of precursor gases (e.g., SO2, NOx,
NH3) convert and react to ammonium nitrate (NH4NO3), 
ammonium sulfate ((NH4)2SO4), and ammonium bisulfate 
(NH4HSO4) in the particulate phase. 

For the nuclei mode, the SO2 was significantly correlated 
to the SO4

2– (PM0.1) in the sulfur system (Fig. 5(d)). This 
could indicate that sulfur dioxide was transferred into the 
sulfate by chemical reaction. Therefore, the gas transfer 
reaction to particles could be the dominant pathway of SO2
to form SO4

2–, especially in the particle sizes characteristic 
of the nuclei mode. 

CONCLUSIONS 

Average PM mass concentration was about three times 
higher during episode periods (155 g/m3) than non-episode 
periods (46 g/m3), and the mass increased in the size ranges 
of 0.1–1.0 and 1.8–18 m. Sulfate, nitrate and ammonium 
were the major ionic species in PM. Nitrate size distributions 
were bi-modal; sulfate concentration distribution revealed 
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(a) [NH4
+] vs. [SO4

2–] in PM0.1 
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Fig. 5. Characteristics of gas and ionic species in particulate matter. 

one mode and a wide range from 0.1–18 m, and high 
ammonium mass concentration was in the range of 0.18–
3.2 m. In addition, the molar ratio of [SO4

2–]/[NH4
+] was 

about 0.54, and a high correlation was observed between 
sulfate and ammonium at PM0.1; results indicated (NH4)2SO4
formed in the ultrafine mode. High SO2, NO2, HNO3, and 
HNO2 were observed during episode periods. Furthermore, 
SO2 was significantly correlated to PM–SO4

2– (PM0.1), which 
implied a gas transfer reaction in the nuclei mode aerosol. 
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