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In this study, we investigated the elemental contents of airborne particulate matter, having dimensions

in the nanometer (<0.1 mm), submicrometer (0.1–1.0 mm), and micrometer (>1.0 mm) size ranges,

collected using an electrical low-pressure impactor (ELPI). We used laser ablation/inductively coupled

plasma mass spectrometry (LA-ICP-MS) to analyze the airborne particles trapped on filter media and

to determine their elemental compositions. To simulate the ELPI collection of samples, we prepared

laboratory-made standard filter samples by placing drops of liquid standard solutions onto the filter.

The absolute limits of detection ranged from 2 � 10�2 ng for Cd to 1.06 ng for Si. The mean relative

standard deviation for five replicates using the standard filter ranged from 3.5 to 17.8%. To determine

the accuracy of this protocol, we analyzed the airborne particles using a standard addition method.

Comparison with the data obtained using a dichotomous sampler/ICP-MS method revealed that our

proposed ELPI/LA-ICP-MS method allowed the elemental and physical characteristics of ultra-fine

particles in the atmosphere to be monitored with suitable accuracy to satisfy the needs of

environmental, safety, and health applications.
1. Introduction

Airborne particles having diameters of 1 mm or less (PM1) are

considered to be potential threats to human health. Although

abundant, these fine particles contribute little to the total mass of

the material;1 they have drawn the attention of researchers

because of their high alveolar deposition fraction, large surface

area, ability to induce inflammation, and potential to translate

into the blood circulation system. In addition, exposure to low-

solubility ultrafine (<100 nm) particles might cause more serious

damage than exposure to larger particles;2 some attempts have

been made to link health effects or toxicity measurements with

number concentration and chemical composition.3–6 Hence, with

our current high sampling and analytical abilities, there is

increasing interest in studying particles having aerodynamic

diameters of less than 0.1–1 mm.

Although the analysis of airborne particles in the sub-

micrometer (<1 mm) regime is a challenging task, interest in the

analysis of PM1 or PM0.1 is increasing.7–19 In conventional

airborne particle sampling and analysis, the sample is typically

collected on a filter medium and dissolved in HNO3 or in an

HNO3/HCl mixture for subsequent determination of its
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chemical components.12,15 If the PM10 concentration were ca.

40 mg m�3, 12 h of sampling using an air sampler operated at

10 L min�1 (typical for a commercial ultrafine particle sampler)

would provide only 28.5 mg of collected submicrometer parti-

cles. Elements such as Fe, Ti, Cr, Zn, and Ba have been esti-

mated to be present in such samples at contents in the range

from 6 to 26%.20 The levels of the toxic elements As, V, and Mn

are commonly less than 0.1% in the collected samples. There-

fore, many elements of interest are difficult to determine when

using conventional analytical methods. It is common for the

sampling period to be extended to reach the instrument’s

detection limits; as a result, we would expect poorly time-

resolved analytical results. In addition, several other analytical

problems have been encountered during airborne particle

analyses, including difficulty weighing or digesting samples and

the loss or contamination of trace elements in the course of the

digestion process.

The direct analysis of solid samples has its advantage if the

amount of sample is limited. Direct-filter analytical techniques

or procedures involving little or no sample dissolution are

becoming increasingly attractive because they do not require

sample pretreatment and they reduce the degrees of sample

contamination and loss and spectral interference. Several

analytical methods, including instrumental neutron activation

analysis,7 proton-induced X-ray emission (PIXE),8,14 X-ray

fluorescence (XRF),8,11–13,17–19 and laser ablation/inductively

coupled plasma mass spectrometry (LA-ICP-MS),16,21–25 have
This journal is ª The Royal Society of Chemistry 2011
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been developed and applied to study the elemental compositions

of airborne particulates. LA-ICP-MS is an analytical tech-

nology that has some of the advantages of ICP-MS (e.g., very

low detection limits for many elements, multi-element analysis

capability, rapid scanning, and simple, easily interpreted

spectra) while averting many of the problems associated with

conventional airborne particle analysis using ICP-MS. There

remains, however, a lack of a suitable standard material that

covers the different needs of analyzing airborne particles by LA-

ICP-MS. Strategies such as depositing a known amount of

SRM 1648a on the filter23,24 and elemental mapping of

commercial SRM 2783 standard filters for calibration

purposes16 have been employed in the quantitative or semi-

quantitative analysis of airborne particles by LA-ICP-MS. In

addition, dried-droplet standards have been used for calibration

in the analysis of drinking water and yeast.29 Calibration with

dried residues of standard solutions applied to a filter by micro-

pipette has been used in the determination of airborne particles

by LA-ICP-MS.21,22 A similar method involving the use of pico-

droplets generated by an inkjet printer has been proposed for

the investigation of the elemental content of ultrafine particles

by total reflection XRF (TXRF).17

The selection of the sampling device is a critical aspect when

investigating airborne particles. In this study, we chose an elec-

trical low-pressure impactor (ELPI), a type of cascade impactor

for segregating dust into different particle sizes based on the

principle of inertial impaction. Although the micro-orifice

uniform deposit impactor (MOUDI) and other types of low

pressure impactor have been used previously to collect PM1 or

PM0.1 particles for subsequent ICP-MS and ICP-OES anal-

ysis,9,10,26,27,33 the sample spots on the filter media collected using

ELPI are better separated and more well-defined than those

obtained using MOUDI. Simulating ELPI sample spots is

possible by drying micro-droplet standard solutions onto the

filter medium. The individual spots on both the sample and

standard filter are suitable for LA-ICP-MS analysis; stoichio-

metric measurements can be achieved under appropriate ablation

conditions.

In this study, we developed a strategy, combining ELPI

with LA-ICP-MS, for the analysis of particulate matter.

Droplets of standard solutions were dried on filter media used

as standard filters. Although a similar method for calibrating

LA-ICP-MS has been published, this study is the first to

employ ELPI and LA-ICP-MS for the analysis of airborne

particles having diameters of less than 1 mm.21,22,28,29 To

determine the absolute amounts of the elements in each

standard and sample spot on the filter, it was necessary to

ensure complete laser ablation through treatment of patterns

of tiny spots on both of these filters. Calibration curves were

obtained using a lab-made standard filter. For analytical

accuracy, we used a standard addition method to verify the

results of our proposed method and to evaluate the validity of

this method of calibration. Furthermore, we also performed

dichotomous sampling simultaneously with ELPI sampling,

with analysis through acid-mixture digestion combined with

liquid-introduction ICP-MS. Thereby, we compared the

feasibility of using ELPI/LA-ICP-MS to analyze airborne

particles in relation to the results obtained using the dichot-

omous sampler/ICP-MS.
This journal is ª The Royal Society of Chemistry 2011
2. Experimental

2.1 Collection of airborne particulate matter

Airborne particulates were collected in Hsinchu, Taiwan, in

October 2008. An ELPI (Dekati) equipped with polytetra-

fluoroethylene (PTFE) membrane filters (Pall Zefluor, 25 mm

diameter, 0.5 mm pore size) was used to collect airborne samples

that had been segregated into different particle sizes. To inves-

tigate the elemental concentrations of nanometer (<0.1 mm),

submicrometer (0.1–1.0 mm), micrometer (>1.0 mm), fine

(PM<2.5), and coarse (PM2.5–10) airborne particles, aerosol

samples were collected by the ELPI using two different combi-

nations of sampling stages (Table 1). Three-stage (1, 3, and 8)

ELPI aerosol samples were collected within a 4-h sampling

period. The size ranges of the real filter samples were 0.030–

0.108 mm for Sample A, 0.108–1.000 mm for Sample B, and

1.000–9.970 mm for Sample C. Two-stage ELPI (1 and 10)

aerosol samples were also collected with 12-h sampling to

compare the data with that from dichotomous sampling. The

sampling flow rate was set at 10 L min�1 during the sampling

period. Hydrophobic PTFE membrane filters were used in this

study to collect the airborne particles because they allowed the

ready preparation of lab-made standard filters through deposi-

tion of droplets of standard solutions.

The dichotomous sampler was operated at a total flow rate of

16.7 L min�1. Two fractions, referred to as fine particles (PM2.5)

and course particles (PM2.5–10), were collected on 37-mm Teflon

membrane filters supported by polyolefin rings. All samples were

collected during a 12-h sampling period for direct comparison

with the data obtained through ELPI sampling.

Fig. 1 displays images of the airborne particles collected on the

PTFE filters of stages (a) 1, (b) 3, (c) 8, and (d) 10 of the ELPI

system. Marple et al. suggested that the ELPI substrates should

be greased by painting heavy silicon oils onto the foils or filter

media using a template prior to tare weighing.30 Because this

technique was highly likely to introduce chemical interference

into our subsequent analyses, especially when determining Si, we

did not use grease or silicon oil in this experiment. Fig. 1 also

reveals that the sample spots on the filter medium collected by

ELPI were separated and well defined. Therefore, we suspected

that lab-made standard filters could be prepared to simulate real

ELPI samples.

2.2 Preparation of standard filter

The limiting factor affecting quantitative analysis through LA-

ICP-MS is the lack of suitable standards for calibration. In this

study, we prepared solutions of the elements Na, Mg, Al, Si, K,

Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Sr, Cd, Ba, and Pb by

diluting 1000 mg L�1 single-element standard solutions used for

ICP (Merck) with 2% Suprapur HNO3 in purified water. We

added methylene blue (ca. 250 ppm) to each prepared standard

solution in order to locate the standard samples before and after

laser ablation. Fig. 2(a) displays 0.5 mL drops of dyed standard

solution that had been placed on a PTFE membrane filter using

a micropipette. The droplet standard did not stick or permeate

the hydrophobic filter surface. Fig. 2(b) reveals the absolute

amounts of the target elements that had condensed on the filter

after evaporation of the solvent. If the energy of the laser beam
J. Anal. At. Spectrom., 2011, 26, 1502–1508 | 1503
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Table 1 Collecting strategies and size distributions for the ELPI and
dichotomous samplers

ELPI Dichotomous sampler

Size
distribution
(mm)

Filter
types Stage

D50%
(mm)

Size
distribution
(mm)

1.000–9.970 C 13 9.97
12 6.8 2.500–10.00
11 4.4 (PM2.5–10)
10 2.5
9 1.6
8 1

0.108–1.000 B 7 0.65
6 0.4 <2.500
5 0.26 (PM2.5)
4 0.17
3 0.108

0.030–0.108 A 2 0.06
1 0.03

Fig. 1 Airborne particulates collected on the filters of the ELPI stages

(a) 1, (b) 3, (c) 8, and (d) 10.

Table 2 Optimized operating conditions for LA-ICP-MS

Laser ablation (NewWave Research UP 213)
Laser type Nd : YAG
Laser mode Q-switched (Pulsed)
Wavelength 213 nm
Pulse length 4 ns
Repetition rate 10 Hz
Dwell time 8 s
Intersite pause 1 s
Spot size 110 mm
Number of
grid spots

6 (for standard filter and samples A and B), 9
(for sample C)

Output energy 100%
Fluence 15–20 J cm�2

Raster spacing 300 mm

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

11
. D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
17

/0
9/

20
16

 0
1:

14
:4

4.
 

View Article Online
were sufficient to completely remove the airborne particulates

(dried droplet standards) from the PTFE membrane filters, the

integrated signal would represent the absolute amount of each

sample (standard spot) and, thereby, allow quantitative analysis.
Grid spacing 300 mm
Defocused
distance

1.5 mm

Carrier gas
flow rate

1.0 L min�1

ICP-MS (Agilent 7500a)
RF power 1.5 kW
Acquisition Time-resolved analysis
2.3 System configuration

Laser ablation was performed using a UP 213 laser ablation

system (New Wave Research, USA) and a quadrupole ICP mass

spectrometer (Agilent 7500a, USA). The laser beam (diameter:

110 mm; defocused distance: 1.5 mm) was used to vaporize the
Fig. 2 Photographs of samples of a standard solution on the filter

medium (a) before and (b) after evaporation of the solvent (water).

1504 | J. Anal. At. Spectrom., 2011, 26, 1502–1508
elements in a selected area of the collected airborne particle or

dried-droplet standard spot without breaking the filter. Because

the sizes of the sample spots were varied for the different

collection stages, a 3 � 2 grid laser pattern (six shooting sites)

was selected to ablate each impaction spot on the filters of

samples A and B as well as on the standard filters, while a 3 � 3

grid laser pattern (nine shooting sites) was selected to ablate each

impaction spot on the filters of the collection sample C. Detailed

LA-ICP-MS operating parameters are given in Table 2.
2.4 Laser ablation

Fig. 3 demonstrates the procedure for the ablation of a single

spot on sample C using a 3 � 3 grid laser pattern (nine shooting

sites). The dotted circles represent the ablating areas using the

proposed laser parameters, which formed a circle having

a diameter of 500 mm. A 3� 3 grid laser pattern having a 1000 mm

� 1000 mm covering region was sufficient to ablate a spot on

sample C. A 3 � 2 grid laser pattern covering a region of

1000 mm � 750 mm was suitable for ablating standard filters and

samples A and B.
2.5 ELPI/LA-ICP-MS and dichotomous sampler/ICP-MS

analyses

To verify the accuracy of the proposed method, the standard

addition method was applied to the trace analysis of the multi-

element laboratory standards. The standard concentration was

adjusted appropriately for the sample and standard additions to
mode
Acquisition
time/mass

0.1 s

Acquisition
time

68 s (for standard filter and samples A and B), 95 s
(for sample C)

Plasma gas
flow rate

15 L min�1

Auxiliary gas
flow rate

2.0 L min�1

Carrier gas
flow rate

1.05 L min�1

This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Schematic representation of the laser grid pattern used to ablate

a single spot on the filter of sample C.

Fig. 4 Qualitative scanning spectrograms of the blank, standard, and

real sample filters analyzed through LA-ICP-MS (operating conditions:

laser fluence, 16.7 J cm�2; defocused distance, 1.5 mm).

Fig. 5 Responses of 75As ablated using the proposed laser grid patterns

from the blank, standard, and real-sample filters.
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be performed using 0.5 mL of the multi-element standard solu-

tion. The spiking levels were 0, 0.6, 1.2, 2.4, and 3 times the

highest concentrations of the elements present in samples A, B,

or C and each spiking level was randomly dropped on three

sample spots. After spiking, the filter sample was placed in

a drying cabinet to evaporate the solvent.

To evaluate the applicability of the proposed method, an

HNO3/H2O2/HF (3 : 5 : 2, v/v/v) acid mixture and a previously

described high-pressure bomb digestion method were employed

to dissolve the samples collected in the dichotomous sampler.31,32

NIST SRM1648(a) was conducted to ensure the precision of the

digestion procedure. The spectrum mode in the Agilent 7500a

ICP mass spectrometer was employed during these solution-

based analyses.

3. Results and discussion

3.1 Laser ablation performance

Fig. 4 displays the qualitative scanning spectrograms of blank,

standard, and real filter samples analyzed using LA-ICP-MS

with a laser fluence of 16.7 J cm�2 and a defocused distance of 1.5

mm. The signals of many of the elements in the airborne particle

samples were significantly higher than the background signals of

the blank filter; calibration of these signals could be performed

using the standard filter sample. For instance, the counts of 208Pb

obtained through LA-ICP-MS from the blank filter, standard

filter, and samples A, B, and C were 100, 162 449, 5705, 105 266,

and 79 064, respectively; the absolute amount of Pb on the

standard filter was 5 ng. The calibration of these 208Pb signals

from real samples could, therefore, be conducted by using the

signal of 208Pb from the standard filter. The signals collected by

the system could be integrated if the spots on both the standard

filter and airborne particle samples could be ablated completely

under the proposed operating conditions.

Fig. 5 illustrates the signal responses of 75As toward the indi-

vidual shots of a selected grid laser pattern onto the blank, real-

sample, and standard-spot filters. Significant amounts of the

standard and real samples were ablated during the first and

second laser shots. We observe a general delay of the signal peak,

which we attribute primarily to the time required to transport the

sample from the laser ablation equipment to the ICP mass

spectrometer. To ensure a comprehensive measurement, we

employed total integrated times of 68 s for the standard filter and

samples A and B and 95 s for sample C. The responses in Fig. 5
This journal is ª The Royal Society of Chemistry 2011
reveal that the laser could ablate the standard/sample spots

entirely and that it was also possible to analyze 75As quantita-

tively using the integration method. The integrated counts of

each filter are indicated in parenthesis; the absolute amount of As

on the standard filter was 1 ng. According to the data from the

standard filter, approximately 0.15, 0.87, and 0.67 ng of As was

present in each sample spot of samples A, B, and C, respectively.

To evaluate the extent of ablation, we re-scanned the same

areas of the standard and sample filters. Fig. 6 displays the total
J. Anal. At. Spectrom., 2011, 26, 1502–1508 | 1505
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Fig. 6 Total analyte signals from the blank filter (a), standard filter (b,

1st scan; c, 2nd scan), and samples A (d, 1st scan; e, 2nd scan), B (f, 1st

scan; g, 2nd scan), and C (h, 1st scan; i, 2nd scan).

Table 3 Detection limits (3s) for all analyte elements and correlation
coefficients (r2) for the standard curves

Element Slope (�104) Intercept (�103)
Corr.
coeff. (r2) LOD (ng)

23Na 100 622 0.9751 0.173
24Mg 36.4 70.2 0.9913 0.126
27Al 23.6 142 0.9967 0.195
28Si 7.42 199 0.9778 1.062
39K 33.0 6.91 0.9837 0.079
43Ca 0.05 0.87 0.9955 0.256
47Ti 5.54 0.25 0.9976 0.007
51V 60.9 0.65 0.9904 0.008
53Cr 12.9 1.12 0.9712 0.011
55Mn 73.6 8.71 0.9903 0.003
57Fe 48.8 30.9 0.9950 0.157
60Ni 7.06 0.02 0.9937 0.007
63Cu 19.1 1.05 0.9935 0.009
66Zn 1.68 0.59 0.9834 0.061
75As 2.96 0.02 0.9847 0.003
88Sr 17.4 0.68 0.9812 0.004
111Cd 0.72 0.01 0.9929 0.002
137Ba 1.37 0.02 0.9972 0.012
208Pb 35.3 23.6 0.9903 0.083

Table 4 RSDs (n ¼ 5) and mean signal counts obtained through LA-
ICP-MS for the blank, laboratory-prepared standard, and real sample
(sample C) filters

Element

Blank filter Standard filter Real sample

Counts
RSD
(%) Counts

RSD
(%) Counts

RSD
(%)

23Na 5 927 827 5.6 20 250 000 6.9 12 000 000 4.6
24Mg 2065 14.7 13 125 000 10.4 248 322 1.2
27Al 4641 8.7 51 525 000 10.3 657 016 4.2
28Si 203 759 3.9 5 785 472 17.8 1 082 554 12.2
39K 239 395 16.1 6 959 693 7.4 1 410 217 13.7
43Ca 922 17.0 33 870 9.5 1222 4.0
47Ti 189 8.1 55 984 3.5 5349 14.4
51V 404 13.9 29 580 8.1 27 062 6.5
53Cr 1086 13.9 16 410 17.1 4613 7.9
55Mn 4457 13.2 248 069 11.5 216 047 9.6
57Fe 2163 6.8 165 667 12.9 46 685 7.1
60Ni 1104 6.1 5828 15.6 5645 7.9
63Cu 5292 4.2 49 535 8.6 42 643 9.4
66Zn 354 8.7 139 325 11.8 108 238 8.6
75As 558 3.4 3416 9.1 2033 6.5
88Sr 223 6.9 54 769 11.0 13 712 10.7
111Cd 33 14.3 246 16.1 186 14.6
137Ba 36 16.3 8726 15.5 3987 12.1
208Pb 139 7.5 163 725 9.6 113 705 14.3
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analyte signals obtained through LA-ICP-MS from repetitive

scans of the blank filter (a), the standard filter (b and c), and

samples A (d and e), B (f and g), and C (h and i) Complete

ablation occurred during the first scans (b, d, f, and h); the signals

from the second scans (c, e, g, and i) were essentially equal to

those from the blank filter (a). Thus, the energy of the laser beam

was sufficient to remove the airborne particulates after the first

ablation while maintaining the integrity of the filter substrates

after the second.

3.2 Elemental determination by ELPI/LA-ICP-MS

For quantitative analysis, calibration curves are essential. Under

the optimized conditions of LA-ICP-MS, we established cali-

bration curves for all of the analyte elements from replicate

analyses (n ¼ 5) of laboratory-prepared standards of various

loading on the PTFE-membrane filters. The measured intensities

of each element generally increased upon increasing the

concentration. Table 3 lists the correlation coefficients for the

various analyte elements.

To determine the stability of the LA-ICP-MS analytical

method, we measured its precision by repeatedly determining five

different spots on a real sample (sample C). Table 4 reveals that

the relative standard deviation (RSDs) for the analyte elements

Na, Mg, Al, Ca, V, Cr, Mn, Fe, Cu, Zn, and As were less than

10%, while those for the other analytes (Si, K, Ti, Sr, Cd, Ba, Pb)

were in the ranges from 10 to 15%. We attribute these fluctua-

tions to heterogeneity among the sample spots collected by ELPI

and also to the instability of the laser energy during the ablation

process. Nevertheless, it is possible to randomly ablate five spots

on a sample filter and reasonably estimate the concentrations of

elements of interest from the obtained LA-ICP-MS data.

3.3 Validation of the proposed method

3.3.1 Standard addition. To validate the accuracy of our

proposed method, we added standard solutions to the sample

spots on the filter and then performed quantitative analysis using
1506 | J. Anal. At. Spectrom., 2011, 26, 1502–1508
external standard calibration, as described above. After quanti-

tative analysis, we applied the standard addition method to the

rest of the sample spots on the same sample filter. For example,

among the 20 impaction spots of sample C, we added standard

solutions of different concentrations to the analytes on the 15

spots remaining on the filter after quantitative analysis. We

determined the concentrations of the trace elements from the

calibration curve, which was obtained based on the standard

addition samples that had been ablated using the same laser

ablation approach. Fig. 7 presents the standard addition curves

for As on the various samples; they were obtained through linear

least-squares regression of the integrated ion signal (y) versus the
This journal is ª The Royal Society of Chemistry 2011
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Fig. 7 Standard addition calibration curves for As in the sample spots

on the standard filter and the real-sample filters A, B, and C.
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amount of added analyte (x). The curve for sample A overlaps

with that of the dried droplet liquid standard because of the

negligible amount of As in sample A. For samples B and C, the

As contents, obtained using the standard addition method, were

0.38 and 0.16 ng, respectively.

Table 5 compares the elemental contents of samples B and C

obtained using the external standard calibration and standard

addition calibration methods. The quantification of the elements

V, Cr, Mn, Fe, Ni, Zn, As, and Pb in sample B and Na, Mg, Al,

Ca, Mn, Fe, Ni, and Zn in sample C using dried-droplet liquid

standard with both external standard calibration and standard

addition are in agreement. For some elements, namely Mg, Al,

K, and Cu in sample B and Si, K, Ti, Sr, and Pb in sample C, the

results are significantly different, possibly because of the

heterogeneity of the samples collected by ELPI. In other studies,

the same phenomena was observed for bulk particles in airborne
Table 5 Elemental contents (ng) obtained from samples B and C using
external standard calibration (ESC) and standard addition (SA)a

Element

Sample B Sample C

ESC SA ESC SA

Na 2.9 3.6 6.8 7.8
Mg 0.63 0.053 5.7 6.8
Al 0.88 4.4 19 17
Si 11 — 28 48
K 5.4 43 9.6 18
Ca — — 6.5 5.9
Ti 0.026 — 0.33 0.67
V 0.18 0.18 0.028 0.021
Cr 0.11 0.092 0.047 0.032
Mn 0.35 0.31 0.45 0.47
Fe 2.9 3.3 12 14
Ni 0.13 0.15 0.052 0.064
Cu 0.31 0.88 0.21 0.16
Zn 3.2 2.6 2.6 2.5
As 0.47 0.38 0.11 0.16
Sr 0.021 — 0.20 0.043
Cd 0.12 0.074 0.043 0.056
Ba 0.19 — 0.70 0.55
Pb 2.6 2.4 0.92 1.6

a —: Less than the detection limit.
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samples.16,25 The coarse particles originating from rock and soil

might change the signal obtained both from external standard

calibration and standard addition.

3.3.2 Comparison of ELPI/LA-ICP-MS and dichotomous

sampler/ICP-MS methods. To confirm the applicability of our

proposed ELPI/LA-ICP-MS method for studying air pollution,

we compared the experimental data obtained using ELPI/LA-

ICP-MS and dichotomous sampler/ICP-MS after simulta-

neously collecting samples from the sampling site. When using

ELPI, the PM2.5 data were obtained in the first stage and the

PM10 data were obtained by summing data from the first and

tenth stages. We calculated the total elemental amount at each

stage by multiplying the average absolute elemental mass loading

per spot with the orifice number for the respective impaction

plates. For example, the calculated total amount of As at the first

stage would be 10.35 ng if the average absolute As mass loading

per spot was 0.15 ng. The sum of the total elemental amount on

different plates was divided by the volume of air (m3) sampled on

purpose to compare with the data obtained from the dichoto-

mous sampler/ICP-MS (in ng m�3). Fig. 8 displays the correla-

tion between the PM10 and PM2.5 data obtained using the

dichotomous sampler and ELPI for Zn, Pb, and Cd in an aerosol

sample collected in the Hsinchu area. The regression lines are

forced through zero; the slope and correlation coefficient are

provided for each element. The correlations of the various

elements ranged from 0.6853 for Zn in PM10 to 0.8916 for Zn in

PM2.5. Overall, the two methods exhibited similar trends.

Despite the lower degrees of contamination and chemical loss

provided by LA-ICP-MS, several problems remained for our

proposed method, including the instability of the laser beam

energy and the high fluctuation in elemental concentrations
Fig. 8 Correlation between the PM10 and PM2.5 data obtained using

a dichotomous sampler (Dicho) and ELPI for Zn, Pb, and Cd in an

aerosol sample collected in the Hsinshu area (n ¼ 13).
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caused by the heterogeneity of the samples collected by ELPI. On

the other hand, the dichotomous sampler/ICP-MS method also

suffers from problems, such as incomplete digestion, the loss or

contamination of trace elements during the digestion process,

and serious spectrometric interference resulting from acid-

derived background ions during ICP-MS.
Conclusions

ELPI/LA-ICP-MS allows the simple and rapid quantitative

analysis of the elemental components of nanometer- and sub-

micrometer-sized airborne particles. Using this approach, we

determined a total of 19 elements (Na, Mg, Al, Si, K, Ca, Ti, V,

Cr, Mn, Fe, Ni, Cu, Zn, As, Sr, Cd, Ba, Pb) present in airborne

particulate matter. This method has better detection limits and

requires less sampling/analyzing time relative to that of other

established protocols. Four hours of sampling was sufficient for

the analysis of nanometer-, submicrometer-, and micrometer-

sized airborne particulate matter; therefore, this approach offers

improved time resolution for air pollution studies.
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