
ORIGINAL PAPER

Water-soluble inorganic ions in airborne particulates
from the nano to coarse mode: a case study of aerosol
episodes in southern region of Taiwan

Li-Peng Chang Æ Jiun-Horng Tsai Æ Kai-Lun Chang Æ
Jim Juimin Lin

Received: 24 February 2007 / Accepted: 6 August 2007 / Published online: 15 September 2007

� Springer Science+Business Media B.V. 2007

Abstract In 2004, airborne particulate matter (PM)

was collected for several aerosol episodes occurring

in the southern region of Taiwan. The particulate

samples were taken using both a MOUDI (Micro-

orifice Uniform Deposit Impactor) and a nano-

MOUDI sampler. These particulate samples were

analyzed for major water-soluble ionic species with

an emphasis to characterize the mass concentrations

and distributions of these ions in the ambient ultrafine

(PM0.1, diameter \0.1 lm) and nano mode (PMnano,

diameter \0.056 lm) particles. Particles collected at

the sampling site (the Da-Liao station) on the whole

exhibited a typical tri-modal size distribution on mass

concentration. The mass concentration ratios of

PMnano/PM2.5, PM0.1/PM2.5, and PM1/PM2.5 on aver-

age were 1.8, 2.9, and 71.0%, respectively. The peak

mass concentration appeared in the submicron parti-

cle mode (0.1 lm \ diameter \1.0 lm). Mass

fractions (percentages) of the three major water-

soluble ions (nitrate, sulfate, and ammonium) as a

group in PMnano, PM0.1, PM1, and PM2.5 were 18.4,

21.7, 50.0, and 50.7%, respectively. Overall, results

from this study supported the notion that secondary

aerosols played a significant role in the formation of

ambient submicron particulates (PM0.1–1). Particles

smaller than 0.1 lm were essentially basic, whereas

those greater than 2.5 lm were neutral or slightly

acidic. The neutralization ratio (NR) was close to

unity for airborne particles with diameters ranging

from 0.18 to 1 lm. The NRs of these airborne

particles were found strongly correlated with their

sizes, at least for samples taken during the aerosol

episodes under study. Insofar as this study is explor-

atory in nature, as only a small number of particulate

samples were used, there appears to be a need for

further research into the chemical composition,

source contribution, and formation of the nano and

ultrafine mode airborne particulates.
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Water-soluble inorganic ions � Nano particles �
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Introduction

Particulate matter (PM) is the sum of all solid and

liquid particles suspended in air. Recent epidemio-

logical studies have suggested a statistical association

of health effects with ambient concentrations of fine

particulates, especially with the ultrafine and nano
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fractions (i.e., those with diameters \100 nm), which

are considered (Samet et al. 2000; Katsouyanni et al.

2001) capable of easily penetrating the alveolar

region of the lungs. For example, Pope et al. (2002)

indicated that for each elevation of 10 lg m–3 in fine

particulate air pollution, there were noticeable

increases in mortality from cardiopulmonary disor-

ders (*6%), lung cancer (*8%), and all causes

(*4%). These findings were consistent with those

observed in other cities (Schwartz 2000; Krewski

et al. 2003; Ostro et al. 2007). Toxicological studies

also confirmed that inhalation of ultrafine particles

could cause oxidative stress (Wilson et al. 2002) and

inflammation (Brown et al. 2001) in rat lungs. Seaton

et al. (1995) further advanced the hypothesis that

inhalation exposure to ultrafine particles could result

in an inflammatory response in the lungs that may be

capable of altering blood coagulation. In recent years,

more toxicological studies have been carried out in

North America, Western Europe, and other countries

with a focus on the ultrafine size fraction of vehicle

exhaust aerosols or ambient air (Li et al. 2003;

Bastain et al. 2003; Cho et al. 2004; Kreyling et al.

2004).

Ultrafine and nano particles are mostly emitted

from mobile sources, which include primarily auto-

mobiles and diesel trucks, and from stationary

combustion sources (Whitby and Svendrup 1980).

These particles can be formed in the atmosphere

through reaction and/or nucleation of vapor precur-

sors, such as through condensation of supersaturated

vapors (Seinfeld and Pandis 1998) or by radioactive

decay (Kulmala 2003; Biswas and Wu 2005).

Numerous studies have been conducted to deter-

mine the mass concentrations, the distributions, and

chemical components of ambient PM2.5 (diame-

ter \2.5 lm) present in urban and heavily

industrialized areas. Yet much less is known, and

even less has been done about particles of nano and

ultrafine size. Earlier Geller et al. (2002) demon-

strated the use of a nano-MOUDI (Micro-orifice

Uniform Deposit Impactor) sampler by collecting

size-segregated (10–18, 18–32, and 32–56 nm) ambi-

ent ultrafine particles that could be further analyzed

for chemical speciation. Their study indicated that in

the Los Angeles basin, ultrafine particles were

generated by emissions mostly during the morning

hours, whereas the formation of secondary aerosols

became more important as the day progressed. The

nano-MOUDI technology was also used by Miguel

et al. (2005) in California to analyze 12 polycyclic

aromatic hydrocarbons (PAHs) in the Aitken size

range (10 nm \ diameter \32 nm). They found that

the measured masses of PAH increased with decreas-

ing particle size.

Air quality in the southern Taiwan air basin is the

worst in the country and has become a serious health

concern. The air basin has been classified as a non-

attainment region for PM since the 1990s. Therefore,

many studies have been conducted to characterize the

origin of the ambient particles in this air basin (Lin

2002a; Lin and Lee 2004; Tsai et al. 2005). Results

from these earlier studies collectively suggested the

need for further research into the chemical compo-

sition, the source contribution, and the formation of

ultrafine and nano particles present particularly in

polluted days.

Although these ultrafine and nano particulates

contribute to negligible mass, they often dominate the

atmospheric particle concentrations in number. In

fact, it has been said (Harrison et al. 2000) that due to

their high number concentrations, a given mass of

ultrafine particles has 100–1,000 times more surface

area than an equal mass of fine particles

(0.1 lm \ diameter \2.5 lm), and approximately

105 times more surface area than an equal mass of

coarse particles (2.5 lm \ diameter \10 lm). Acc-

ordingly, these ultrafine particles may be considered

as more toxic to humans. Many studies actually

suggested that upon deposition, those ultrafine and

nano particles when coated with strong acids would

especially cause tissue damage simply due to the

acidity involved (Lippman et al. 1982; Schlesinger

1989; Chen et al. 1991). With the availability of the

nano-MOUDI technology, these suggestions have

thus now led to the special interest in, as well as the

urgent need for, measuring the water-soluble ions in

these particles.

In line with such a special interest, the present

study was undertaken to quantify as well as to

characterize the ultrafine and nano particles collected

in the southern Taiwan air basin. As expected, the

ambient particle samples in the present study were

collected using a nano-MOUDI sampler. These

particulate samples were actually part of an intensive

sampling program carried out for aerosol episodes

where the maximum 24-h PM10 concentration

exceeded 183 lg m–3. The particulate mass
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concentrations were measured for several size ranges

(0.01–18 lm). The collected particulate samples

were also analyzed for water-soluble ionic species

with an emphasis to characterize the concentrations

and distributions of the ions in ambient ultrafine and

nano particles. The neutralization ratio (NR) indices

were used to characterize the acidity of these

particles. All the data from this study were ultimately

used to distinguish the particle characteristics in

samples taken between the episode (polluted) and

non-episode (normal) days.

Materials and methods

Study area and sampling site

The ambient aerosol particle measurements were

taken at the Da-Liao 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 immedi-

ately downwind from the Kao-Ping ambient air

quality basin, where the air quality has been the

worst in the country primarily due to the high

emissions of air pollutants in the area. Further

information on this air basin, which is located in

southern Taiwan, was given in Lin (2002a). It is of

note that the Da-Liao monitoring site was also

located less than 10 km from the Kaoshiung coastal

area, and southwest of a major mountain (Central

Mountain, peak 3,000 m) where the air was relatively

stable during the sampling periods. The monitoring

station per se was physically installed on the roof of a

building, at an effective inlet height of 10 m above

ground. Hourly ambient PM10 concentrations were

monitored following the standard method of the

(Taiwan) National Institute of Environmental Anal-

ysis (NIEA) A206.10C, which counts on the use of a

beta attenuation monitor.

Sampling program

Between January and March 2004, there were 46

polluted days (with an average PM10 concentration of

150 ± 19 lg m–3) and 45 normal days (with an

average PM10 concentration of 100 ± 22 lg m–3) in

which TEPA monitored for PM10 levels. For the

present study, seven samplings were taken randomly

between February and March 2004, with each lasting

48 h, and only on days without rain. The sampling

system used in this study consisted of a MOUDI and

a nano-MOUDI sampler. This system was basically

the same one used previously by many other inves-

tigators (e.g., Geller et al. 2002; Miguel et al. 2005;

Lin 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 lm. The flow rates for MOUDI and

nano-MOUDI were 30 and 10 L min–1, respectively.

Particulates were collected using 47-mm Teflon

filters (ZefluorTM-supported PTFE) for the nano-

MOUDI sampler, and 37 mm for the MOUDI

sampler.

The particle concentrations measured in these

study samples were considered representative of

those of the local ambient particles. Hourly meteo-

rological data (wind speed and direction) and PM10

concentrations were extracted from the Da-Liao

station. The minimum and maximum hourly wind

speeds obtained from the station during each sam-

pling period were then determined, as shown in

Table 1.

Chemical analysis

The filters were weighted by using a high-precision

six-digit electronic balance (Mettler MX5) after they

had been conditioned at 40 ± 3% relative humidity

and 17 ± 1�C for over 24 h. The filters were then

immersed in water and extracted by ultrasonic

agitation. The extractions were sealed and stored at

4�C until further analysis. A Dionex-120 ion chro-

matography unit was employed to analyze the

inorganic ions under consideration (Cl–, NO3
–, SO4

2–,

Na+, NH4
+, K+, Ca2+, and Mg2+). For anion analysis,

the mobile phase was a mixture of 2.7 mM sodium

carbonate and 0.3 mM sodium bicarbonate at a flow

rate of 1.5 ml min–1. The cations were analyzed using

methane sulfonic acid as the eluent at 1 ml min–1.

Quality assurance and quality control tests (e.g.,

analysis of blanks, method detection limit, recovery

efficiency) were additionally conducted. Method

detection limit (MDL) was estimated from repeated

analyses of predefined quality control solutions. The

MDLs (all in ng m–3 for a sampling duration of 48 h)
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of Cl–, NO3
–, SO4

2–, Na+, NH4
+, K+, Mg2+, and Ca2+

were 16, 14, 20, 4, 9, 4, 3, and 9, respectively. The

recoveries ranged from 89% for Na+ to 116% for Cl–,

with an overall average of 103%. The relative

standard deviations of the fraction recovered were

6%, thus reflecting a high degree of reproducibility

(based on 10% being set as the benchmark).

In order to contrast the levels of field-sampled PM

between the normal and polluted days, the mean and

standard deviation (SD) for wind speeds and PM10

concentrations during each sampling period were

calculated (Table 1). For the same purposes, the

mean and SD were likewise calculated for major

inorganic ion compositions (Table 2).

Results and discussion

Mass concentration

In Taiwan the ambient air quality standard, which

was based on the beta gauge method, is 125 lg m–3

(24-h average) for PM10 (TEPA 2004). Accordingly,

all the particulate samples collected in this study were

classified as either of normal days or of polluted days,

depended on whether their PM10 concentrations were

lower or higher than 125 lg m–3. In each sample,

the measured airborne particulates were divided into

the following four groups: nano particles (PMnano,

diameter \0.056 lm); ultrafine particles (PM0.1,

Table 1 Statistical summary of PM concentrations measured in the air samples

Sample classification Sample no. Sampled particle concentration (lg m–3)a Wind speed (m s–1)

PMnano PM0.1 PM1 PM2.5 PM10 TSP

Polluted day (n = 3) 1 1.6 2.4 53 73 98 129 0.1–3.2

2 1.5 2.1 65 92 113 137 0.1–4.0

3 1.2 1.8 42 65 95 133 0.1–3.0

Mean 1.4 2.1 53 76 102 133 1.17

SDb 0.2 0.3 11 14 10 4 0.92

Normal day (n = 4) 4 0.7 1.2 40 55 80 112 0.1–3.0

5 NAc NAc 37 51 74 99 0.1–5.3

6 0.9 1.4 22 31 48 68 0.1–3.8

7 0.9 1.3 37 51 66 85 0.1–4.0

Mean 0.9 1.3 34 47 67 91 1.66

SDb 0.2 0.1 8 11 14 19 1.12

a PMx particulate matter (PM) with diameter \ x lm, and nano = 0.056; TSP total suspended particulates
b SD standard deviation
c NA not applicable

Table 2 Mass composition of major inorganic ions identified in the polluted and normal day samples

Major inorganic ions Sample classificationa Total particle massb (%)

PMnano PM0.1 PM1 PM2.5 PM10 TSP

Ammonium Polluted day 6.1 ± 1.9 7.1 ± 2.0 14 ± 0.8 14 ± 0.8 11 ± 1.1 8.6 ± 1.3

Normal day 8.4 ± 6.0 8.3 ± 4.3 14 ± 1.4 13 ± 1.6 9.5 ± 1.7 7.2 ± 1.6

Nitrate Polluted day 5.6 ± 2.2 4.4 ± 1.5 15 ± 6.6 17 ± 6.1 16 ± 5.0 15 ± 4.2

Normal day 7.0 ± 3.8 5.4 ± 2.2 14 ± 6.8 14 ± 6.0 14 ± 4.6 13 ± 3.5

Sulfate Polluted day 5.3 ± 3.6 9.7 ± 3.4 21 ± 3.6 22 ± 3.3 17 ± 1.1 14 ± 0.1

Normal day 4.1 ± 1.8 8.4 ± 2.9 22 ± 2.8 22 ± 2.7 16 ± 1.8 13 ± 1.5

a For polluted day, n = 3; for normal days, n = 4
b PMx particulate matter (PM) with diameter \ x lm, and nano = 0.056; TSP total suspended particulates
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diameter \0.1 lm); fine particles (PM0.1–2.5,

0.1 lm \ diameter \2.5 lm); and coarse particles

(PM2.5–10, 2.5 lm \ diameter \10 lm). These four

particle groups were determined by linear interpola-

tion, which yielded a fairly smooth size distribution

for each group.

The particle concentrations classified into the

polluted and normal days are shown in Table 1.

The first 6 days (three samples) were polluted days

and the remaining 8 days (four samples) were normal

days. Linear regression was performed for PM10

concentrations measured in this study (using the beta

attenuation technique) on those levels (on dry particle

weight basis) monitored at the station. The strong

correlation (correlation coefficient = 0.99) demon-

strated that the ambient samples obtained in this

study were representative of the local ambient air

quality.

A slight northeast monsoon started to influence the

study area after the first 6 days. During the polluted

(i.e., the first 6) days, the wind speeds were 0–4.0 m s–1,

and for 5 of these 6 days, the wind speeds were below

2 m s–1. However, the prevailing wind direction

changed from the northeast to southwest during the

remaining 8 days. The wind speeds (0.1–5.3 m s–1)

during these normal days were slightly higher than

those on the polluted days, while 6 of the normal days

also had a wind speed below 2 m s–1. There was a

notion that the higher ratio of calm winds during the

polluted days tended to yield poorer air dispersion thus

leading to higher PM10 concentrations. In both periods,

the diurnal relative humidities (40–90%) and temper-

atures (15–32�C) were similar.

As shown in Table 1, the PM2.5 concentrations

measured on the polluted days (65–92 lg m–3) were

much higher than those on the normal days (31–55

lg m–3). The PM1 concentrations on the polluted

days (mean = 53 lg m–3) were also somewhat higher

than those for the normal days (mean = 34 lg m–3).

For a better appreciation of these mass concentra-

tions, all individual particle fractions of the total

suspended particulates (TSP) for both the polluted

and normal days are depicted in Fig. 1a. The

cumulative (integrated) PM0.1, PM1, PM2.5, and

PM10 fractions were 2, 38, 54, and 75% of the TSP

concentration, respectively. The results for PM2.5

(approaching 60%) and PM0.1 (an insignificant

portion) were basically in agreement with those

observed by others in other areas (Keywood et al.

1999; Tsai et al. 2005; Lin 2002b). In the present

study, the fractions from the polluted days were

higher than those from the normal days for particle

size greater than 1 lm, as depicted in Fig. 1b. This

finding suggested that the PM1 (submicron aerosol

particles) fraction played an important role in the

ambient atmosphere on the polluted days. The data

also indicated that in addition to particle concentra-

tions (Table 1), both the ratios of PM1/TSP and

PM2.5/TSP increased over time during the polluted

days.

The particle mass concentrations over various

particle sizes showed a tri-modal size distribution

(Fig. 2). The major peak appeared in the fine particle

size mode, with other peaks showing in the coarse

and ultrafine modes.

For a more effective visual appreciation, the scales

were expanded for the mass-size distributions of

ultrafine and nano particles in the samples, as
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illustrated in Fig. 3. Although the patterns of particle

size distribution for the polluted and normal days

were similar, the airborne particulate concentrations

from the polluted day samples appeared to be slightly

higher. Actually, for each particle size range under

study, the PM concentrations during the polluted days

were higher than those during the normal days

(Table 1).

Water-soluble ionic species

Ammonium in particles contributed to about 60–90%

of the water-soluble cations analyzed, whereas sulfate

and nitrate in particles were about 80–99% of the

water-soluble anions analyzed. Table 2 summarizes

the mass fractions (percentages) of these three ions

according to the various particle size ranges under

study (PMnano, PM0.1, PM1, PM2.5, PM10, and TSP),

and by sample classification (normal vs. polluted

days). Mass fractions of the three water-soluble ions

as a group during the polluted and normal days were

as follows, respectively: 59% and 57% in PM2.5; 33%

and 30% in PM2.5–10; and 24% and 24% in PM0.1.

In the fine particles (0.1 lm \ diameter \2.5 lm),

secondary formed compounds (sulfate, nitrate, and

ammonium) were the major components, accounting

for 51% and 48% of the total mass concentration on

the polluted and normal days, respectively. The mass

fractions of water-soluble ions in PM2.5 and PM2.5–10

on the polluted days were slightly higher than those

on the normal days.

Ammonium

Figure 4 depicts the single fine mode for ammonium

peaking around 0.56–1 lm, which is consistent with

the observation made by Zhuang et al. (1999).

According to Zhuang et al. (1999), fine particle

ammonium would originate from ammonia vapor as

a result of the latter reacting or condensing on a

particle surface and accumulating in the droplet mode

(with an aerodynamic diameter of 0.57 ± 0.10 lm).

In other words, ammonium size distributions, partic-

ularly in the fine particulate range, would follow a

mode similar to that of sulfate or nitrate. Therefore,

the results from this study implied certain reactions of

nitric acid with ammonia in the particle phase, and

certain mass accumulation of SO2 in the droplet

phase as well.

In the present study, the average concentration

ratios of PM1/PM2.5, PM2.5/PM10, and PM1/PM10 for

ammonium were 0.98, 0.95, and 0.93, respectively.

These data suggested that the ammonium in the PM1

fraction played an important role in the ambient

atmosphere. Concentrations of NH4
+ in the fine

particles were about 1.7 times higher on the polluted

days than on the normal days.

The mass fraction of ammonium in PMnano was the

largest when compared to the cation’s fractions in

other particle size modes, and reduced with particle

size increment (as shown in Fig. 5). The mass

fractions of ammonium in PM1–2.5 and PM2.5–10 on

the polluted days were larger than those on the
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normal days. However, in smaller particle sizes, the

mass fractions of ammonium on the polluted days

were smaller than those on the normal days.

Nitrate

The mass-size distribution of nitrate was bimodal,

with higher amounts seen in the fine mode than in the

coarse mode. The fine and coarse modes of nitrate

ranged from 0.56 to 1 lm and from 3.2 to 18 lm,

respectively, as shown in Fig. 4. These findings

were consistent with those observed in other cities

(Mehlmann and Warneck 1995; Yao et al. 2003). The

cause of this bimodal distribution may be explained

as follows.

Fine mode nitrate is formed by the homogeneous

gas-phase transformation of NOx to HNO3, which
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later reacts with pre-existing fine particles (Seinfeld

and Pandis 1998). When NOx is oxidized to HNO3 in

the atmosphere, nitrate particles are formed

(Matsumoto and Tanaka 1996). Also, HNO3 can

react with NH3 in atmosphere to form NH4NO3. In

the present study, a similar mode, ranging from 0.56

to 1 lm (i.e., a droplet mode), was found between

nitrate and ammonium. The nitrate droplet mode in

this study apparently supported the condensation

mode of ammonium nitrate.

Several studies showed that coarse mode nitrate

could be formed through the reaction of gaseous

HNO3 with coarse sea-salt particles (Wall et al. 1988;

Harrison et al. 1994; Pakkanen 1996; Jonson et al.

2000). Other studies also suggested that the existence

of coarse mode nitrate could be through the reaction

of gaseous HNO3 with coarse soil particles (Wolff

1984; Dasch and Cadle 1990; Zhuang et al. 1999).

The Da-Liao sampling site in this study is situated

within an industrial district surrounded by cultivated

lands, and is close to the Kaohsiung coastal area.

Therefore, the coarse mode nitrate might have been

formed by reactions of gaseous HNO3 with either

sea-salt or soil particles.

The mass concentration ratios of PM1/PM2.5,

PM2.5/PM10 and PM1/PM10 for nitrate were 0.92,

0.74, and 0.68, respectively. The nitrate concentra-

tions on the polluted days were higher than those on

the normal days, by a factor of 1.8 and 1.5 for the fine

and coarse modes, respectively. For samples taken on

the normal days, only 40% of nitrate was in particles

larger than PM2.5. Most of the nitrate ions were

present in the fine mode particles.

The mass percentage of nitrate in PM0.056–0.1 was

the smallest when compared to the anion’s fractions

in other particle size modes, and increased with

particle size increment (as shown in Fig. 5). The

largest percentage for nitrate ions was in particles of

2.5 to 10 lm. The mass fractions of nitrate in PM0.1–1

and PM1–2.5 on the polluted days were smaller than

those on the normal days.

Sulfate

Sulfate was tri-modal with peaks appearing at 0.056

to 0.1 lm (ultrafine), 0.56 to 1 lm (fine), and around

3.2 to 18 lm (coarse), as shown in Fig. 4. These

findings were consistent with those observed in other

cities (Zhuang et al. 1999; Yao et al. 2003; Cabada

et al. 2004), all showing a fine mode domination. The

cause of this tri-modal distribution may be explained

as follows.

Insofar as sulfate dominates in the droplet mode,

the in-cloud processes are likely to be a major path

for the formation of this anion (Hegg and Hobbs

1982). The weather conditions at the Da-Liao mon-

itoring site were therefore believed to have played an

important role in the contribution of sulfate seen in

the fine mode. During the sampling period, fog was

frequently observed near the ground surface at the

Da-Liao site during the nights and mornings of the

polluted days. According to Pandis et al. (1992) and

Kerminen and Wexler (1995), relatively high con-

centrations of sulfate could be formed by aqueous-

phase reactions in fog or cloud droplets.

The ultrafine mode sulfate observed in the Da-Liao

area were likely to have been formed through

heterogeneous nucleation of ammonium sulfate par-

ticles (Zhang et al. 2000). The coarse mode sulfate,

on the other hand, might have been formed by

reactions of gas-phase SO2 or H2SO4 on the wet

surface of sea salt or soil particles (Wall et al. 1988;

Zhuang et al. 1999).

The mass concentration ratios for sulfate in PM1/

PM2.5, PM2.5/PM10, and PM1/PM10 were 0.97, 0.92,

and 0.90, respectively. These data suggested that the

PM1 fraction of sulfate played an important role in

the ambient atmosphere. The fine mode SO4
2– con-

centrations on average were about 1.6 times higher on

the polluted days than on the normal days.
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Fig. 5 Mass compositions (in %) of major water-soluble

inorganic ions in various particle size modes (P polluted days,

N normal days; PMnano = particulate matter PM with

diameter \ 0.056 lm)
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As with the other two ions, the mass fraction for

sulfate in PM0.056–0.1 was the largest among those in

all particle size modes, and these percentages were

reduced with particle size increment (as shown in

Fig. 5). The mass percentages of sulfate in PM0.1–1

and PM1–2.5 were smaller on the polluted days than

on the normal days. The mass percentages of sulfate

in PM2.5 were about 22% for both the polluted and

normal day periods.

Nano/ultrafine particle mass composition

As shown in Table 1, the mean mass concentrations

for ultrafine (1.9 ± 0.7 lg m–3) and nano (1.4 ±

0.7 lg m–3) particles in the study samples were

comparable. These findings were by and large

consistent with those observed in the literature,

except in a few places (e.g., Hughes et al. 1998;

Pakkanen et al. 2001; Geller et al. 2002). Sulfate,

nitrate, and ammonium ions contributed 9, 5, and 8 to

the ultrafine mass, respectively. Each of the other

inorganic ions studied here (i.e., K+, Na+, Ca2+, Mg2+,

and Cl–) contributed less than 4% of the ultrafine

mass. The contents of inorganic ions in the ultrafine

mass were lower than those reported by Cabada et al.

(2004).

For the nano particulates, sulfate, nitrate, and

ammonium ions accounted for approximately 5, 6

and 7% of the total mass, respectively (Table 2).

Each of the other inorganic ions contributed less than

5% of the nano mass. The contents of inorganic ions

in the nano mass were higher than those reported by

Pakkanen et al. (2001). In the present study, the

inorganic water-soluble ions were found to be

insignificant in terms of their mass compositions in

the ultrafine and nano particulates. These observa-

tions werealso consistent with those reported in the

literature.

Neutralization ratio of airborne particles

Several studies (Querol et al. 2001; Parmar et al.

2001; Kim and Park 2001; Shrestha et al. 2002; Hu

et al. 2002) estimated the acidity of airborne partic-

ulates by calculating the relationship among the NH4
+,

NO3
–, and non-sea salt SO4

2– (nss SO4
2–) ions present in

the particulates. The neutralization ratio (NR) index

was used to express this interrelationship, which was

defined as follows (Colbeck and Harrison 1984):

NR ¼ NHþ4 ðeq m�3Þ
NO�3 ðeq m�3Þ þ nss � SO2�

4 ðeq m�3Þ
;

where eq m–3 denotes normal concentration and

eq = equivalent.

The content of nss � SO4
2– in airborne particulates

was calculated by subtracting the amount of SO4
2– in

sea salt from that measured in the atmosphere,

whereas the amount of sulfate in seawater (sea salt)

was estimated from the ratio of SO4
2– to Na+ in bulk

seawater. According to Ohta and Okita (1990),

aerosol Na+ suspended in the atmosphere comes

from sea salt particles only. The Na+ in suspended

aerosol was thus assumed to be all contributed from

sea salt particles. Under this assumption, the value for

nss � SO4
2– could hence be derived using the follow-

ing equation (Parmar et al. 2001):

nss � SO2�
4 eq m�3
� �

¼ SO2�
4 eq m�3
� �

� 0.251

� Naþ eq m�3
� �

:

For the case where NR [ 1, the excess in NH4
+

and the airborne particulates were considered to be

basic. For NR = 1, all three ions and the airborne

particulates were considered to be neutral. For

NR \ 1, the excess in NO3
– and SO4

2– and the

airborne particulates were considered to be acidic.

Colbeck and Harrison (1984) further suggested the

possible presence of NH4Cl in airborne particulates

for cases where N [ 1, and the presence of acidic or

metal sulfates where NR \ 1.

Table 3 summarizes the comparison of the NRs

determined in the present study with those in other

studies. As shown in this table, the NRs were close

to unity in the fine mode for several cities (Tsai and

Cheng 1999; Querol et al. 2001; Parmar et al. 2001;

Shrestha et al. 2002; Hu et al. 2002), although in

general the values from the present study appeared

to be somewhat higher (excepted for Dayalbagh,

Agra). The higher concentrations of ammonium seen

in the southern Taiwan atmosphere might have been

due to the dense applications of fertilizer and

livestock waste usually seen in the region. The data

also indicated that the formation of NH4
+ in aerosol

was not limited by the availability of NH3. In the

fine mode, NH4
+ was richer compared to nss-SO4

2–.

This suggested that the dominant compounds of
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inorganic water-soluble species were (NH4)2SO4 and

NH4NO3 in the fine mode, and CaSO4, NaNO3, and

Ca(NO3)2 in the coarse mode.

The NRs in the various particle size ranges for

the polluted and normal day samples are shown in

Fig. 6. The airborne particulates smaller than

0.1 lm were essentially basic, whereas those larger

than 2.5 lm were either neutral or slightly acidic.

The lower NR value seen for PM10 in the present

study suggested the possibility of additional neu-

tralization of sulfate and nitrate by calcium or

sodium distributed in the coarse mode particles

(Harrison et al. 1994; Wakamatsu et al. 1996). The

estimated NR was close to unity for airborne

particulates in the 0.18–1 lm range. All in all, the

NRs for airborne particulates measured in the

present study were seen to be strongly correlated

with particle sizes, at least for the aerosol episodes

under study.

As stated in the Introduction, particles with a

diameter of less than 0.1 lm were considered to be

capable of penetrating the alveolar region of the lungs

easily. In the present study, the majority of the

alkaline load was found as delivered by particles of

this size. This finding thus suggested that areas deep

in the human lungs (that preferentially collect parti-

cles in the ultrafine size range) could indeed be

vulnerable to the alkaline conditions prevailing in the

southern Taiwan region.

Conclusions

This study investigated the concentrations and distri-

butions of nano- to coarse-size airborne particulates

for several aerosol episodes occurring in the southern

Taiwan region. The particulate samples were taken

with the MOUDI and the nano-MOUDI sampler. The

ambient particles on the whole exhibited a typical tri-

modal size distribution on mass concentration. The

highest peak appeared in the fine particle mode

(0.1 lm \ diameter \2.5 lm), with the other two

showing in the coarse (2.5 lm \ diameter \10 lm)

and the ultrafine (diameter \0.1 lm) modes.

Table 3 Comparison of neutralization ratios obtained in this study with those in other studiesa

Sizeb Typec Taichung,

Taiwan (a)

Catalonia,

Spain (b)

Dayalbagh,

Agra (c)

Himalayas,

Nepal (d)

Qingdao,

China (e)

Da-liao,

Taiwan (f)

PMnano Polluted day – – – – – 1.9

Normal day – – – – – 2.1

PM0.1 Polluted day – – – – – 1.4

Normal day – – – – – 1.6

PM1 Polluted day – – – – – 1.15

Normal day – – – – – 1.11

PM2.5 Polluted day 1.10 – 1.4–1.9 *1 0.66–1.18 1.13

Normal day 0.85 0.99 – – – 1.11

PM10 Polluted day 0.88 – – – – 1.05

Normal day 1.11 0.67 – – – 1.00

a (a) Tsai and Cheng (1999); (b) Querol et al. (2001); (c) Parmar et al. (2001); (d) Shrestha et al. (2002); (e) Hu et al. (2002); (f) this

study
b PMx particulate matter (PM) with diameter \ x lm, and nano = 0.056
c For polluted days, n = 3; for normal days, n = 4

Particle diameter (µm)

0.001 0.01 0.1 1 10 100

oitazilartue
N

n
oitar 

0
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Normal days

Fig. 6 Particle size distributions of neutralization ratios for

polluted and normal day samples (nano = 0.056)
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Sulfate, nitrate, and ammonium were the major

components seen in the fine particle mode. These

three water-soluble inorganic ions collectively

accounted for 51 and 48% of the mass composition

for particle samples taken on the polluted and normal

days, respectively. On the polluted days, the total

mass compositions of the three major water-soluble

ion species were 59, 33, and 24% in PM2.5, PM2.5–10,

and PM0.1, respectively. On the normal days, the total

mass compositions of the three ions in the three

particle size modes were, respectively, 57, 30, and

24%. The total mass fractions of the three water-

soluble ions in PM2.5 were the largest (57–59%)

among all particulate sizes, regardless of sampling

day.

Particles smaller than 0.1 lm were essentially

basic, whereas those larger than 2.5 lm were either

neutral or slightly acidic. The value of NR was close

to unity for airborne particulates in the 0.18–1 lm

range. This finding suggested that areas deep in the

human lungs, which preferentially collect particles in

the ultrafine size range, could indeed be vulnerable to

the alkaline conditions prevailing in the southern

Taiwan region. Insofar as this study is exploratory in

nature, as only a small number of particulate samples

were used, there appears to be a continuous need for

further research into the chemical composition, the

source contribution, and the formation of nano and

ultrafine airborne particulates in Taiwan, if not in

other countries as well.
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