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A new method to semicontinuously determine PM: s ionic species with a short time resolution is described in detail.
In this system, a particle collection section (mixing part, particle collection chamber, and air/liqud separator) was
developed. A Y-tvpe connector was used to mix steamn and an air sample. The particle collection chamber was con-
structed n the form of a helix coil and was cooled by a water circulation system. Particle size growth occured due
to the high relative humidity and water absorbed particles were efficiently collected in it. Liquid samples were drained
out with a short residence time (0.08-0.1 ). The .n'r/liquid separator was also newly designed to operate efficiently
when the flow rate of the air sample was 16.7 L min"'. For better performance, the system was optimized for particle
collection efficiency with various types of test aerosols such as (NH.1):S0,, NaCl, NH:HSO,, and NH.NOs, The
particle collection etticiencies were almost 100% at different concentration levels in the range over 500 nm in diameter
but 30-90% in the range of 50-300 nm under the following experimental coudulom 15 coil turns, a water flow rate
for steam generation of 0.65 mL min™, and an air sample flow rate of 16.7 L min". Finally, for atmospheric appli-
cations, chemical compositions of PM; s were deternuned with a time resolution of 20 min on January 11-24, 2006

in Seoul, Korea, and the chemical characteristics of PMz s ions were investigated.
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Introduction

Particles less than 2.5 ym in diameter (PM: 5) in the atmos-
phere can play important roles in radiative foming.l visibility
degradation.: heterogeneous atmospheric chemistr}-',3 and hu-
man health * Indirectly. they act as cooling agents by increasing
albedo and the lifetime of shallow marine clouds.” They also
contribute to acidification and eutrophication of land and water
resources via wet and drv deposition.”

As a result. much research has been conducted to examine
these issues. In order to investigate the chemical characteristics
of these particles, a reasonably short time resolution is essential
since the particles changes their properties over a short time in
the atmosphere.]'S However. the widely used filter methods
cannot capture the rapid changes in the chemical compositions
of particles owing to their relatively long sampling frequencies.
In addition. these methods was reported to suffer from sam-
pling artifacts such as reactions on filter media and loss of
semi-volatile species during and after collection.” Recently. to
overcome the drawbacks of the filter methods. a variety of
semicontinuous measurement methods have been developed
over the last decade '“'*

PM:s in the atmospheric environment typically includes
most of the total number of particles. surface area, and a large
fraction of the mass. However. collection of particles in the
range of 0.1-1.0 um is not simple because particle removal
mechanisms. such as diffusion and impaction. are least effi-
cient in this regime.’ % Thus. an appropriate device needs to
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Particle collection section. Semicontinuous measurement system

be developed to allow effective collection by utilizing a semi-
continuous measurement system. Previous studies have sugg-
ested that such fine particles could be collected efficiently via
impaction after increasing their size by water vapor saturation.
Aerosol particles can take up water vapor and then grow to a
certain equilibrium size. as the relative humidity (RH) reaches
the deliquescence point. Hot steam has typically been injected
to increase the RH in a system with small particles.

Simon and Dasgupta (1993) used a mixing chamber in the
form of a circular tube connected with a short segment of gently
curved PTFE tubing. where superheated steam (~ 300 “C) was
introduced along with an aerosol sample at 10 L min’. The
particles were further grown in a cooled stainless steel maze
and then collected in a gas/liquid separator. The steam jet
aerosol collector (STAC) gathered the grown droplets in a
cyclone at a sample flow rate of 20-60 L min" after mixing
steam and an aerosol samplel1 Concentration colunins have
tvpically been installed in ion chromatography systems due to
their sensitivities. A prototype particle-into-liquid sampler
(PILS). operating at a flow rate of 5 L min”, has been devel-
oped to rapidly speciate and quantify small liquid samples,
without using a concentrator. Furthermore. an improved an-
alyzer. operating at a flow rate of 16.7 L min™. was developed
and “1535!». successfully in an airplane measurement cam-
paign. "

In this study. a senmicontinuous svstem to measure PM: s
ioni¢ species was developed. In principle. our system is iden-
tical to the well established particle collection system described
in previous repons.“'” " However. the particle collection sec-
tion {mixing part. particle collection chamber, and air/liquid
separator) was specifically built and tested. In particular, a
particle collection chamber was developed to not only induce
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the size growth of small particles. but also to efficiently
collect water-absorbed samples. This is an advantage of our
system over that of previous ones. As a performance test.
collection efficiencies using test aerosols. such as (NH4)2SO..
NaCl. NHHSO,. and NH.NO:. were conducted. Finally,
field monitoring results for ionic species in PM: s were also
presented.

Experimental Section

Aemsol sampling and interfference gas removal, [n order to
collect PM: s and to remove acidic and basic gases in ambient
air, were used a PMa : cvclone (URG-2000-30 EH) witha 2.3
um cutoff at a sample flow rate of 16.7 L min"' and a denuder
systems (URG-2000-30x242-3CSS) with a collection effi-
ciency of 99% at a sample flow rate of 16.7L min". The denu-
ders used in this system can effectively retain gaseous species.
such as HNOa. HNO-, SOa. and NHa. Because the diffusion
coefficients of gas molecules are typically four orders of mag-
nitude larger than the smallest atmospheric particle, quan-
titative removal of gas molecules by diffusion is possible.
Under laminar flow conditions and with a vertical deployment
of the denuder tube. gravitational settling of aerosol particles
can be avoided and the aerosol can be transmitted efficiently.
The coating solution was prepared according to the use and
maintenance manual for URG annular denuders.”

Particle collection section, Figure 1 shows a schematic dia-
gram of the measurement system and Figure 2 displays impor-
tant components of the particle collection section (mixing
part. particle collection chamber, and air/liquid separator)
made of Pyvrex glass. The acrosol samples passing through the
gas removal denuder tubes were introduced to a Y-connector
mixing area. and then were mixed initially with hot water
vapor (Fig. 2a). The flow direction of aerosol samples at a
higher flow rate (16.7 L min'l) than that of the water vapor
(~0.75 L min") was forced to change abruptly. to induce a
turbulent flow of the air stream. This can enhance the rapid
and efficient mixing of the steam and the aerosol. before water
vapors condense on the wall surface of the mixing area. Water
vapors cannot condense on an aerosol surface and thus cannot
contribute to size growth once they are liquidized on another
surface. The steam generator was specifically designed to
produce homogeneous water vapor. Steam was produced in a
stainless steel (SS) tube (ID 1/8”. 12 cm) connected with a coil
of SS tubing. through which distilled water was pumped: its
temperature was controlled at ~ 110 °C.

The most prominent feature of our svstem was a particle
collection chamber designed in a helix coil form. as shown in
Figure 2b. Except for an 8 cm length at each end, the rest of the
tube (Pyrex glass. 3 mm i.d.) was turned. Generally. a helix-
tvpe coil sampler is used to continuously collect soluble gas-
eous species with lugh Henry’s law constants in online mea-
surement systems.™ but it was utilized to verify a particle col-
lector in our system. This was surrounded by a jacket through
which cooling water was introduced and a temperature close
to 20 °C was maintained to increase the RH in it. After air
samples were initially mixed with hot steam in the mixing
area. they began to absorb water vapor while they passed
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Figure 1. Schematic diagram of semi-continuous measurement
system, consisting of denuders, a steam generator, a particle collec-
tion section (mixing part, particle collection chamber, and air/liqud
separator), and IC system (DW; distilled water, MEC; mass flow con-
troller, EDP; eluent delivery pump, PP peristaltic pump, CD; con-
ductivity detector).

through the particle collection chamber with a high RH. The
sizes of particles increase due to the spontaneous absorption
of water at RHs higher than the deliquescence relative humidity
(DRH) and the masses of water-absorbed samples also increase
significantly.'* *** The RH in the chamber was ~ 300% under
the following experimental conditions: an air sample flow rate
of 16.7L nu'u']_. 25 °C temperature of the ambient air with 60%
RH. a flow rate of water for generating steam of 0.65 mL
min”. and a 110 °C steam temperature. Water-absorbed parti-
cles can be impacted efficiently on the inner surface of the
helix coil due to both an inertial force, enhanced by the
increase in aerosol mass, and a centrifugal force. caused by
movement through the curvature. As a result. the particles
experience not only size growth, but also continuous collection
in it. This is quite different from other particle collection
SeCtions in previous semicontinuous nmeasurement svstems.
Inthe previous studies. the particle collection apparatuses were
generally composed of a size growth chamber and particle
collection device such as a cooled SS maze. a cvclone. or a
single jet impactor."="*'* As soon as particles were collected
on the inner surface of the helix coil collector. the liquid
samples were washed out rapidly and continuously with a
stream of air to the outlet; their residence time was roughly
0.08-0.1 s. Khlystov er ol (1995) reported that even if the
supersaturation of water vapor is only 10%. a residence time
inside the mixing reservoir of about ~ 0.1 s is still sufficient
for particles of 19 nm dry diameter to grow to 1 wm droplets.

The liquid samples were drained out after separation from
the air stream in air/liquid separator and introduced into an
online ion chromatography (IC) system. In air/liquid separator
(Fig. 2¢). the distance between the end of the outlet tube
(Pyrex glass. 2 mn i.d.) and the wall surface was about | mm
and the liquid samples were impacted on the wall surface. It
was designed to minimize the loss of liquid droplets due to
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Figure 2. Details of the particle collection section: (a) mixmg part (b)
particle collection chamber (c) air/liquid separator.
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Figure 3. Schematic diagram of particle collection efficiency experi-
ment (HEPA: HEPA filter, SMPS; Scanning Mobility Particle Sizer,
DMA:TSI 3080 and CPC 3022, Acrosizer. APl Inc., Model Mach I1,
ME C; mass flow controller, P Air pump, V-1,2.3; 3-way valve, CW,
Cooling water).

bounce-off on the glass wall surface and was intended to
sample at the EPA standard sample flow rate of 16.7L min’.
All solutions were pumped through Teflon tubing (PTFE Mi-
crobore. [D: 0.022", OD: 0.042") using a low-flow and high-
accuracy multichannel peristaltic pump (ISMATIC. A-95601-
22).

Analytical system. The liquid samples were analyzed by
two ion chromatography (IC) systems. Each IC system con-
sisted of an automated time-controlled valve, set up with a
sample loop, an analytical colunm. and a conductivity detector.
The automated time-controlled valve (Rheodyne fluid pro-
cessor Part No. 2320785C) was used to load liquid samples to
the sample loops (500 pL) and then to inject them on to two
analvtical colummns. Samiple loops were emploved for IC
injection due to their simplicity and stability during field
operations. In contrast. concentrator columns have been used
inother techm'ques.”‘19 Cations were analy zed using a Shodex
column (4 mm x 150 mm. YK-421) of a non-suppressor type.
The analyses were carried out with an isocratic elution method
using an eluent of a mixture of 2 mM HNQO; and 0.75 mM
dipicolinic acid (PDCA). at a flow rate of 1.0 mL min’'. Anions
were analyzed on a Dionex AS14-240 mm columi, a chemical-
suppressor type (50 mN Ha8Qx. flow rate | 4 mL min'). This
column was also operated with an isocratic elution method
using an eluent of a mixmure of 3.5 mM Na>CQOs; and 1 mM
NaHCO:s. at a flow rate of 1.2 mL nun™. The liquid samples
were introduced into the anion and cation sample loops in two
six-way ports at a flow rate 0.17 mL min" (ISMATIC. A-
935601-22), while pre-injected liquid samples were analyzed
by the two IC systems. When the liquid samples were loaded
into two sample loops, extra liquid samples with air bubbles
were arranged to bypass through a simple de-bubbler. Approxi-
mately 20 min was required for a liquid sample to be quantified
completely. due to the analytical time of the IC system. Peak
areas were integrated witha NDA 401 Network Data Acquisi-
tion (Yullin Technology. Korea).
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Calibrations were conducted after intensive field measure-
ments over 2 weeks using standard solutions that were diluted
from stock solutions (Exaxol Chemical Corporation, 05111B).
In order to determine the air volume mixing ratios of aerosol
components. it was crucial to accurately measure the flow rate
of the air sample and the liquid volume for ambient aerosols
dissolved in a particle collection section. LiBr was spiked into
the distilled water used for steam generation to precisely
calculate the liquid volume. "® The flow rate of air samples was
controlled using a rotameter. calibrated 1n the laboratory with
a drv gas meter (Bios DryCal) prior to ambient air sampling.

Particle collection efficiency setup. Figure 3 shows a sche-
matic diagram of the particle collection efficiency (PCE) setup.
The size of tested aerosols ranged from 0.05 to 3.5 pm in
aerodynamic chameter. As a performance test. a number of col-
lection efficiencies expenments were conducted for varous
types of aerosols such as (NH4)-SO,. NaCl. NH4HSO.. and
NH.NO:. The test aerosols were generated by nebulizing the
corresponding test aerosol liquid solutions using a Ventun-
tvpe nebulizer with dryv. particle-free zero air, followed by
their passage through a Kr-83 charge neutralizer. The concen-
trations of test acrosols are dependent on the concentration of
the solution as well as the flow rate of camrier and dilution air.
The dilution chamber allowed the mixing of test acrosols and
particle-free air. The chemicals were of reagent grade (Merck)
and delomized water was used for preparing solutions. For
collection efficiency of test aerosols. the size distributions of
the particles at the 1nlet and outlet of the particle collection
section were measured by a SMPS system (Scanning Mobility
Particle Sizer. DMA:TSI 3080 and CPC 3022) and an
Aerosizer (API Inc.. Model Mach IT). The SMPS was used to
measure the size distribution of small particles (< 0.3 pm) and
the Aerosizer for larger particles (> 0.3 pm).
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Experimental Results
Design of the air/liquid separator. Figure 4 illustrates the
two types of air/liquid separator tested and Figure 3 indicates

the collection efficiency (B) of the steam injected into the
particle collection section, calculated as follows:

CE (B) of steam = Q-/Q; x 100 (%). (hH

where Q) is the water flow rate for generating the steam in-
jected to the inlet of the Yconnector (0.65 miL min']) and Q- is
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Figure 4. Various tvpes of ai/hiquud separator (A-1, A-2, B-1, and
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Figure 5. Collection efficiencies (p) of steams myected to particle collection section ( A A-1 type, &:A-2 type, =: B-1 tvpe, a: B-2 type). Emmor

bars mean one standard deviation (n = 5).
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Figure 6. Size distnbutions of (NH, )80, tested m the range of 30-300 nm and over 300 mm n aerodynamic particle diameter.

the flow rate of liquids drained out in the air/liquid separator.

Figure 5 showed that f was similar at low air sample flow
rates. but different at higher flow rates. depending on the
design of the air/liquid separator. Except for the A-1 tvpe, p
decreased rapidly as the flow rate of the air sample increased.
This decrease was mainly attributable to the combined effects
of bounce-off on the wall surface. due to the impaction of
liquid droplets. and the flow patterns of liquid droplets in the
separator. [n particular. these effects were more important at
higher flow rates of air than a low flow rate. When liquid
droplets were strongly impacted on the inner wall surface in
the air/liquid separator. they bounced and then scattered.
rather than draining out to the outlet. Consequently, this may
have led to a decreased collection of steam in a given air/
liquid separator. Furthermore. the liquid droplets after impac-
tion could be advected with an air sample as the sample flow
rate increased. especially when it was larger than 10 L min™.
Thus. these effects must be considered in increasing B and an
appropriate air/liquid separator design is required. especially
at a high sample flow rate.

The results of this study indicated that B was larger than
95% inthe A-1 design at 16.7 L min’ (Fig. 5). The angle of the
injection tube and the sliding surface in air/liquid separator
was roughly 45° in the A-1 design (see Fig. 4). However. the
results were not good when the A-2 design was applied, where
the angle was about 30°, and f3 was less than 75% at 16.7 L
min” . Although the bounce effect in the A-2 design was lower
than in the A-1 design. as the sample flow rate increased, more
liquid samples after impaction had a tendency to be trans-
ported together with the air sample. The bounce was greater in
the B type due to its higher angle (i.e.. 90°). When the response
of the separator to the inner diameter was tested by using of 2
and 3 mmi.d. tube. liquid loss was almost entirely ascribed to
the bounce effects. The f3 of the B-1 design (3 mm i.d. outlet
tube) was better than that of the B-2 design (2 mm i.d. outlet
tube) due to the smaller linear velocity.

Particle collection efficiencies, At a sample flow rate of
16.7 L min", water flow rates for generating steam and munber
of coil turns of a particle collector were determined sy stemati-
cally through PCE tests to optimize the performance of the
particle collection section. PCE tests were carried out by modi-
fving number of coil turns (8 turns, 10 tums, 13 turns. and 13

turns) and the flow rates (0.17 mL min™. 0.35 mL nu'n'l_. 0.65
mL min". and 1.00 mL min”) of water injected for steam
generation. In these experiments. the A-1 design of the air/
liquid separator was used. as described above. PCEs of aerosols
with diameters in the range of 50-300 nm and over 300 nm
were calculated as follows:

PCEs =1 - Cou/ T Cu * 100 (%). )

where Cou and C;, are the number concentrations of aerosol
particles at the outlet and inlet of particle collection section.
measured using a SMPS and an Aerosizer.

Figure 6 shows the size distributions of (NH.)-SO, tested in
the range of 50-500 nm and over 500 nm upstream of the
particle collection section. Figure 7 indicates size-resolved
PCEs of the particle collection section in the range of 50-500
nm aerody nanic particle diameters at various water flow rates
for steam generation and coil turns. The absolute uncertainties
(Sy) of PCEs were calculated according to ermror propagation
in multiplication or division as follows (n= 3):

s,
(Sy), = 7=\[(sa)r +(8), + S, e Sy=y 2 (S,

where (8,); is the relative unﬂ(;erlainty and standard deviation
divided by the mean value.™ The resulting absolute uncer-
tainties were found to be roughly of a magnitude of +10%.
The results indicated that PCEs increased generally with an
increased water flow rate for generating steam when the coil
turns of a particle collector were constant. The PCEs were
also observed to increase with the increasing number of coil
turns at a constant flow rate for steam generation. These results
were ascribed to the increased relative humidity and residence
time, up to ~ 0.1 s. Figure 7 also shows the gradual increase in
PCEs with increasing test aerosol size. The PCEs were 20-
40% and 30-60% at water flow rates for steam generation of
0.17 and 0.35 mL min”. respectively. They increased up to
~ 80% with a particle collector of 15 turns. when the water
flow rate for steam generation was 0.63 mL min’. As the water
flow rate increased from 0.65 mL min” to 1.00 mL min” . the
PCEs clearly increased from 40% to 60% with a particle
collector of 8 turns. but were largely in the range of 70-80%.
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with particle collectors of 10-15 turns.

In the range over 300 nm, the results were 30% and 90% at
the air sample flow rateof 2 L min” and at the water flow rate
of 0.17 mL min” for steam generation (see Fig. 8). The PCEs
enhanced steadily up to 100% as the water flow rate increased
from0.17 to 1.00 mL min™ at the sample flow rates lower than
6 L min". Furthermore. the PCEs approached almost 100%
when the sample flow rate was larger than 6 L min”, in the
range of 0.17-1.00 mL min" for the water flow rate. The risk
of a liquid droplet’s loss on the inner surface of particle collec-
tor. due to turbulent deposition. was expected to increase as
the Reynolds numbers increase at higher air sample flow
rates.”

From the experimental results of PCEs above and the sensi-
tivity of the system, a 13-turn coil particle collector and a
steam flow rate of 0.65 mL min" were found to be optimal.
Table 1 summarizes the PCEs of (NH1):SO1, NHaNQ;, NaCl,

a SMPS (Scanning mobility particle sizer, DMA: TSI Mode 3080 and
air flow rate: 2 L min’"). Error bars indicates the absolute uncertainties

Table 1. The PCEs (%) for various test aerosols in particle collection
sectilon at 16.7 Lmin" (coil tums; 15 tums, steam flow rate; 0.65 mL
min")

Number Con. PCEs (%) PCEs (%)

(# cm"‘] (diam > 500 nm) (diam < 500 nmn)
63000 ~ 100 9
NaCl 300000 ~ 100 81
780000 ~ 100 57
80000 ~ 100 91
(NH43-804 350000 ~ 100 80
00000 ~ 100 60
80000 ~ 100 88
NH.HSOQ, 300000 ~ 100 64
900000 ~ 100 47
70000 ~ 100 88
NH.NO; 350000 ~ 100 85
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Table 2. The Reproducibilities (RSD, %), Linearities { '), and Limits of Detection ( LOD) of semicontinuous ion measurement system during

field measurement period.

NO Components Reproducibility (RSD", %) Linearity (rz) LODY( ng m™
1 cr 11.4 at 10 ppb 0.92 ~ (.99 0.06 ~ (.23
2 NO; 16.0 at 10 ppb 0.94 ~ 0.99 0.06 ~ 023
3 NO: 24.0 at 3 ppb 0.94 ~ 0.99 0.06 ~ 023
4 8O~ 5.0at 13 ppb 0.98 ~ 0.99 0.06 ~ 023
3 Na* 4.0 at 20 ppb 0.99 ~ (.99 0.25 -~ 0.50
6 NH.* 4.5 at 40 ppb 0.98 ~ (.99 0.24 - 0.50
7 K~ 14.3 at 20 ppb 0.98 ~ 0.99 0.13 - 028
8 ng 15.1 at 20 ppb 0.97 ~ 0.99 ~ .20
9 Ca™* 25.0at 10 ppb 0.97 ~ 0.99 ~ .20
“Relative standard deviation (standard deviation‘mean  100) *LOD was calculated as the three times of noise level af svstem blank at 99% contidence
level
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Figule 8 PCEs(%)of (NH4}~§( )3 In the Particle collection bébtl()ll (particle diam > 300 nm) (water flow rates for steam generation. @:0.17 mL

min”, £:0.35 mL min” , A:0.65mL min !

and NH:HSO;at various concentrations. The results indicated
that the PCEs were almost 100% in the range over 500 nm at
different concentrations. However, the PCEs were 30-90%
for particles in the range of 30-500 nin. depending on types of
test aerosols and their number concentrations. In particular.
they decreased gradually as the concentrations of test aerosols
increased: the higher the number concentration of test acrosols
was, the more difficult it was to induce growth of the test aero-
sols at constant steam flow rates. In the case of test acrosols
less than 300 nm, the lowest number concentrations tested
were comparable to real urban areas. suchas Seoul. Korea. ™"
Thus. the PCEs (88-91%) of these concentration levels were
meaningful in terms of the field campaign.

Field observations of PM: s soluble species. A field cam-
paign was conducted at an atmospheric observatory located
on Mt. Muak. on January 11-24, 2006, at Yonsei University
(sea level: ~230 m) in Seoul. A major road was adjacent to the
measurement site. 30 m to the northeast. The PM- s cv¢lone of

, 7:1.00 mL min’ )(a)Stumb (b) 10 tums, (c) 13 tums, (d) 15 tums.

measurement system was set up on the roof of trailer (4 m
above the ground surface). The denuder systems were replaced
every 3-4 dayvs. The reproducibility (RSD, %), linearity (rj)_.
and limits of detection (LOD) of system in the field experi-
ment are shown in Table 2.

The reliability of analytical data was examined by the ion
charge balance theory of soluble inorganic species in aerosol
particles. According to this theory. the sum of the cation
equivalent concentrations should be identical to the sum of the
anion equivalent concentrations if all soluble ions in aerosol
particles are accurately analyzed. Thus. this theory can be
used to verify accurate determination of the major ionic
species. Figure 9 shows scattergrams between the sum of the
cation equivalent concentrations and the sum of the anion
equivalent concentrations. According to the result of the re-
gression analysis, the Pearson correlation coefficient was 0.87
with the uncertainties of 93% confidence intervals. The slope
{1.3) of the regression line indicated that the sum of the cation
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Figure 11. Time series of inorganic species in PMa < and wind speed (WS ) measured during field campaigns (unit of inorganic species: jlgm™,
unit of WS: m e, Rainfall event: 20:00 h, Jan. 12 ~ 16:00 h, Jan. 13, the maximum rainfall: 3 mm on 06:00, Jan. 13). The anion eluent delivery

pump got out of order on 0000 ~ 10:00 h, Jan 20.

equivalent concentrations was somewhat larger than that of
the anion equivalent concentrations. There may be several
possible reasons why we underestimated anion species and
overestimated cation species. The contributions of organic
anions such as HCOO™ and CH;COO ™ may be small because
their concentrations were even lower than those of acidic
anions, such as SO4~ and NOs ™. The contribution of COs5™".
which was not determined in IC. was also unlikely to be signi-
ficant. due to its dominant existence of CaCQO; in the coarse

mode (2.5 < diameter < 10 pm) of aerosols.”™ ™ The detern-

nations of Na~ and NH,~ with uncertainties took placed fre-
quently owing to the overlap of the two peaks in IC chro-
matograms. Figure 10 indicates that the slope of the regression
line between NH,~ and 280" + NOx™ was ~ 0.8 in the low
concentration ranges. but ~ 2 in higher concentration ranges.
Thus. NH4 in particular may be overestimated at higher
concentration ranges. This may also contribute to bias the
slope of the total data.
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Figure 12. Scattergrams between major cationic species and anionic species (unit, uEq m™).

Figure 11 illustrates the temporal variations in ionic species
in PM: s and the wind speed (WS) during the measurement
period. The concentrations of NH;~. Na*. K. Ca™. SO+~ NOs .
NO-". and C1” were 2.52 + 2.18 (+standard deviation). 1.09 £
061.0.70+£033,048+0.17.5337+£ 246, 1.53 £1.02,0.98
+ 0.64. and 1.04 + 0.98 pg m™. respectively. Generally. the
levels of ionic species in PMs : remained relatively low until
January 15 and increased steadily thereafter. In particular. the
concentrations of NHy . SOy, and NO;s™ clearly began to
increase from January 13 and those of K*. NO~". and Ca™
increased from January 16. Their concentrations again de-
creased in the late afternoon on January 19 and then remained
low. Figure 11 indicates that the concentrations of anions and

paired cations varied generally with similar trends. Figure 12
illustrates the relationships between paired ions. Cormrelation
coefficients indicated that the main forms of the compounds
in PM- s were (NH4)-8O.. Na-SQ4. NH,Cl. and NH;NQs. but
that some K-SO. and CaSO. were also present.

The distributions of the ionic species in PM- s are primarily
influenced by photochemistry. thermodynamics. and meteoro-
logy ~**** The contribution of photochemical processing
was expected to be minor because of the generally low tem-
perature (maximum temperature: ~ 8 °C), low levels of pho-
tochemical oxidants (maximum levels of Oa: ~ 25 ppbv). and
weak radiation in the daytime during the winter. The rela-
tionships between photochemical products (nss-SO4~ and
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Figure 13. The scattergrams between secondary species ( nss-80,7,
NOs) in fine particles and precursor gases (SO, NOx) (Data
influenced by fresh emissions from vehicles were removed).

NOs) in particles and precursor gases (SO: and NOx) were
investigated (see Fig. 13). The results indicated that the
secondarily formed ions in PM; s were weakly associated with
their precursors. and their concentration ratios (slopes) were
also similar during both day and nighttime. Thus. the photo-
chemical formation paths of nss-SO4~ and NO;” in aerosols
were unimportant.

Semi-volatile species. such as NH4NO; and NH.CL in
PM: s can be present in the forms of gaseous precursors and/or
the particle phase. depending on their thermodynamic pro-
perties. In general. they are primarily in the particle phase at
08:00-09:00 h in the moming. when the temperature is typi-
cally lowest. and then in the gaseous precursors in the daytime
as the temperature increases. However, in this study. the
transition to gaseous precursors in the daytime may not have
occurred because the maximum temperature was only about 8
°C. As a result, the concentrations of NO;™ and Cl™ did not
show higher levels in the nighttime. On the contrary. the maxi-
mum levels of NOs were observed frequently in the daytime
as follows: 15:00 h (January 13). 12:00-16:00 h (January 14).
13:00 h (January 13). 12:00 h (January 16), 11:00 h (January
17), 12:00 h (January 18), 12:00 h (January 19), 16:00 h
(January 20). 13:00 h (January 21). and 12:00 h (January 23)
(see Fig. 11).

The relationships between concentrations of species and
meteorological parameters. such as rainfall and WS. were
investigated. It rained from 20:00 h. January 12 to 16:00 k.,
January 13 and the maximum rainfall was 5 mm on 06:00.
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Figure 14. The scattergrams of wind speed (WS)and SO in PMs 5.

January 13. Even though it rained on January 12-13. the
washout effect was low because the intensity of rain was weak
and no correlation was detected between rainfall and the
levels of PM: sionic species. It is to be noted that the WS was
anti-correlated with levels in PMa s (Fig. 11). Generally. WS
increased in the daytime and decreased at night during the
measurement period. [t was about ~ 1 m s'on January 12 and
then steadily increased to 5 m s Thereafter. it abruptly dec-
reased at dawn on January 13. It maintained 1-2 m s until
January 18. and increased again in the aftemoon of January
19. The WS approached ~ 35 m s as a maximum in the daytime
on January 22 and then decreased. These results showed a
reverse trend to the levels of PM-s. which were very low.
especially on January 13 and January 20 when the WS was
about 5m s’ Furthermore. the levels of PM> s were generally
higher when the WS was relatively lower from January 14 to
18. Figure 14 shows scattergrams of WS and SO, in PMa 5
$O;” is thermodynamically stable. compared to the other
ionic species. and thus its distributions are frequently con-
trolled by the meteorological processes such as dispersion and
advection of PM-s. The results clearly indicated that SO,
levels were negatively correlated with WS. That is. as W§
increased. the SO4~~ in PM- s decreased. These results showed
that the concentrations of ionic species in PM: s were closely
associated with WS and the pollutants were dispersed actively
as WS increased during the measurement period.

Conclusions

An instrument was developed to semicontinuously deter-
mine PM: s ionic species. It has a shorter time resolution (20
min). compared to instruments using filter methods. and
operated best at a sample flow rate of 16.7L min”. The particle
collection section (mixing part. particle collection chamber.
and air/liquid separator) was developed and optimized by
sensitivity analyses of the PCEs using various types of test
aerosols. The absolute uncertainties of size-resolved PCEs of
the particle collection section in the range of 30-300 nm
aerodynamic particle diameter were found to be roughly of a
magnitude of £ 10% at various water flow rates for steam
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generation and coil tums. The PCEs were almost 100% at
different concentration levels in the range over 500 nm in
diameter but 50-90% in the range of 50-500 nm under the
following experimental conditions: 13 coil turns. a water flow
rate for steam generation of 0.65 mL min” . and an air sample
flow rate of 16.7 L min™. This technique was applied to field
measurements of the chemical compositions of PM- s during
January 11-24. 2006. at Yonsei University in Seoul. Korea,
The results indicated that SOs~ and NH, ™ in PM: ; were present
at high levels from January 15 to 19. Regression analyses
between ions in PM- s showed that (NH)-SOa1. Na-SO,, NH.CL
and NH,NOs were the major components. The concentrations
of PM: s ionic species during the measurement periods were
influenced by a number of processes such as thermody namics.
photochemical conversions. and meteorological transport. Of
the processes. meteorological transport appeared to play the
most important role in the variations of the ionic species.
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