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ABSTRACT

In this work, quantitative energy-dispersive electron probe X-ray microanalysis (ED-
EPMA) (called low-Z particle EPMA), Raman microspectrometry (RMS), and attenuated
total reflectance Fourier transform infrared spectroscopic (ATR-FTIR) imaging were applied
in combination for the analysis of the same individual airborne particles for the first time.
After examining individual particles of micrometer size by low-Z particle EPMA,
consecutive examinations by RMS and ATR-FTIR imaging of the same individual particles
were then performed. The relocation of the same particles on Al or Ag foils was successfully
carried out among the three standalone instruments for several standard and an indoor
airborne particle samples, resulting in the successful acquisition of quality spectral data from
the three single-particle analytical techniques. The combined application of the three
techniques to several different standard particles confirmed that those techniques provided
consistent and complementary chemical composition information on the same individual
particles. Further, it was clearly demonstrated that the three different types of spectral and
imaging data from the same individual particles in an indoor aerosol sample provided richer
information on physicochemical characteristics of the particle ensemble than that obtainable

by the combined use of two single-particle analytical techniques.
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1. Introduction

As atmospheric particles are chemically and morphologically heterogeneous, and the
average composition and average aerodynamic diameter obtained by the traditional bulk
analyses do not describe well the population of the particles, micro-analytical single particle
analyses have proven to be useful for studying atmospheric particles. Over the last 40 years,
some advanced micro-beam analytical techniques have been used to provide spatially
resolved information on the physical, morphological, and chemical properties of single
particles formed in the atmosphere or in the laboratory.'” Among them, energy-dispersive
electron probe X-ray microanalysis (ED-EPMA) based on a scanning electron microscope
(SEM) equipped with an ultrathin energy-dispersive X-ray (EDX) detector, provides
information on the size and elemental compositions of individual particles with submicron
lateral resolution."* Computer-controlled SEM/EDX can provide quantitative information on
the elemental composition of a large number of particles”, and has been used successfully to
characterize a range of atmospheric aerosol samples.'®"” Although very powerful, ED-EPMA
has limited capabilities for performing molecular speciation of particles and probing
semivolatile particles under non-destructive conditions due to the electron beam used and/or
high vacuum maintained in the sample chamber. Alternatively, vibrational spectroscopic
techniques are powerful for functional group analysis and molecular speciation of organic
and inorganic chemical compounds including hydrated species under ambient conditions.
Thus far, studies of the molecular characterization and/or hygroscopic properties of size-
segregated aerosol particle samples have often been performed using confocal Raman

2022 or Fourier transform infrared (FTIR) spectroscopy” 2.

microspectrometry (RMS)

Recently, the combined application of ED-EPMA and vibrational microspectrometric
techniques for the characterization of heterogeneous individual particle ensembles was
reported.’>™* In particular, the combination of RMS and ED-EPMA has been applied for a
decade because it can provide unambiguous chemical and structural information on
heterogeneous environmental particles with a spatial resolution of <1 pm?3%313237404 Aq
ED-EPMA provides information on the morphology and elemental concentrations and RMS
gives information on the molecular species and chemical mixing states, it would be much
useful if ED-EPMA and RMS data would be obtained for the same individual particles.
However, in most of previous studies, only Raman point analysis was performed without the
systematic elemental quantification obtainable by ED-EPMA, and/or RMS and ED-EPMA

were applied separately for aerosol samples (not on the same individual particles), mainly due
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to the difficulty in the relocation of the same individual particles. In order to correctly
relocate individual particles and acquire ED-EPMA and Raman data from the same spot
without sample transfer, a dedicated instrument, called Structural and Chemical Analyzer
(SCA) (a combined SEM and Raman spectrometer), was developed although its first
application for the characterization of soil and lichen samples just appeared recently.44
However, the practical problems of fine particle relocation, laser beam damage, and low
Raman sensitivity encountered in SCA measurements, as well described elsewhere®, still
make this approach for obtaining quality ED-EPMA and Raman data from the same
individual airborne particles of (sub)micrometer size a challenge. Another approach to obtain
both ED-EPMA and Raman data from the same individual particles is to use standalone
SEM/EDX and RMS instruments in parallel. Quite recently, two successful works were
reported for the characterization of the same individual airborne particles using both
quantitative ED-EPMA, called low-Z particle EPMA, and Raman imaging.*** Also, the
potential of the combined use of low-Z particle EPMA and attenuated total reflectance FTIR
(ATR-FTIR) imaging for the characterization of the same individual aerosol particles (but at
different spatial resolutions) has been recently reported.********° FTIR imaging technique
can provide information on the spatial distribution of chemical constituents within a sample,
which can be used to characterize aerosol particles on a single particle basis. In particular,

14647 Wwhich is

ATR-FTIR imaging can provide a spatial resolution of 3.1 um at 1726 cm
feasible for the single-particle characterization of airborne particles when used with low-Z
particle EPMA in combination.

Although RMS and ATR-FTIR are similar in that they belong to vibrational
spectroscopic techniques, their vibrational signals are generated from different fundamentals;
i.e. RMS provides information on molecular vibrations based on the difference in wavelength
between the incident and scattered visible radiation (Raman scattering), whereas ATR-FTIR
based on the attenuation of the evanescent wave generated by the total reflected mid-IR
radiation on the IRE crystal. According to selection rules, for IR spectroscopy it is necessary
for the molecule to have a permanent electric dipole and for Raman spectroscopy it is the
polarizability of the molecule which is important. Therefore, the differences in their spectra
owing to their different signal generation mechanisms (i.e. scattering vs absorption of energy)
and different selection rules would make two fingerprint techniques rather complementary.

RMS and ATR-FTIR imaging provide spectra with a typical spectral range between 100 and
4000 cm™ and 680-4000 cm™, respectively, making RMS efficient to identify metal oxides in
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particle samples for example. Further, due to the incident radiation, RMS has better lateral
resolution than ATR-FTIR imaging has, so that RMS is more powerful for the investigation
of mixing state of individual particles. Although both RMS and ATR-FTIR have comparable
axial resolutions (0.5-5 um) depending on the sample properties, RMS can possibly provide
depth imaging even on single particles as it can work in confocal measurement set-up. RMS
and ATR-FTIR measurements can be done in ambient condition without sample preparation
or modification. Raman spectra can reflect the real nature of individual particles more, and
their mostly sharp Raman peaks are very useful for the unambiguous molecular speciation
even for water-containing samples because H,O molecules exhibit strong absorption in FTIR
which may overlap the other IR bands. On the other hand, laser beam employed in RMS can
induce damage on individual particles and the interference by the fluorescence often
encountered in RMS needs to be minimized, which are not the problem in ATR-FTIR
measurements. Finally, ATR-FTIR imaging provides ATR-FTIR spectrum at each pixel in
image field, which is valuable for obtaining information on the molecular species for all
individual particles sitting on the image field within several hours, whereas RMS mapping to
obtain the spatial, chemical heterogeneity for individual particles takes much longer time as
RMS images are acquired by point-by-point scanning mode.

Previous studies showed that the characterization of individual particles including
chemical speciation and mixing state analysis could be performed more in detail using low-Z
particle EPMA and either RMS or ATR-FTIR imaging in combination than by using each
single-particle technique alone.’*?***%3%444 Ag RMS and FTIR are also two
complementary vibrational spectroscopic techniques, it would be more powerful for the
characterization of heterogeneous airborne particle ensembles if spectral data by three single-
particle analytical techniques, such as low-Z particle EPMA, RMS, and ATR-FTIR imaging,
could be obtained for the same individual particles. This study demonstrates the potential of
the combined use of quality low-Z particle EPMA, RMS, and ATR-FTIR imaging data for
the characterization of the same individual particles of heterogeneous airborne particle
ensemble. The relocation of the same individual particles on Al or Ag foils was successfully
carried out among the three standalone instruments for several standard and an indoor
airborne particle samples, resulting in the successful acquisition of quality spectral data from
the three techniques. In this work, for the first time the combined use of three different types
of spectral and imaging data from the same individual particles provides richer information
on physicochemical characteristics of the particle ensemble than that obtainable by the

combined use of two single-particle analytical techniques.
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2. Experiment
2.1. Samples

Several different standard powder particles, such as calcite (CaCOs, 99.99% from
Aldrich), anhydrite (CaSQO4, 99.99% from Aldrich), gypsum (CaSO42H,0O, 98% from
Aldrich), quartz (Si0,, 99.99% from Aldrich), sodium sulfate (Na;SO4, 99.99% from
Aldrich), sodium nitrate (NaNOs3, 99.999% from Aldrich), and K-feldspar (microcline,
KAISi30g3, NIST SRM70a), were used to examine X-ray, Raman, and ATR-FTIR spectral
and imaging data analysis for the same individual standard particles. The standard particles of
micrometer size (0.5-18 um) were collected either on Ag or Al foil after grinding standard
powders and screening ground dry particles with a 20 um sieve. The metallic foils were
simply rubbed over the surface of the ground particles and some particles adhering to the
foils were analyzed. An indoor aerosol sample was investigated for physicochemical
characteristics of the heterogeneous atmospheric particle ensemble through the combined use
of low-Z particle EPMA, RMS, and ATR-FTIR imaging. The sample was collected at an
underground shopping area nearby a subway station in Seoul, Korea. The underground
sampling site was surrounded by shops selling garments, footwear, leather goods, cosmetics,
snacks, and fast foods. Sampling was done on stage 2 (size range in aerodynamic diameter =
2.5-10 um) of a 3-stage cascade impactor (Dekati PM-10 sampler) on January 11 in 2007
with sampling duration of 10 min to avoid collection of agglomerated particles. The particle
sample collected on Al foil was put in plastic carriers, sealed, and stored in desiccators before
EPMA, RMS, and ATR-FTIR imaging measurements. More details on the sample can be

found elsewhere.*®

2.2. Low-Z particle EPMA measurements

Low-Z particle EPMA measurements were carried out using a Jeol JSM-6390 SEM
equipped with an Oxford Link SATW ultrathin window EDX detector allowing the detection
of low-Z elements such as C, N, and O. The spectral resolution of the detector was 133 eV for
Mn-Ka X-rays. The X-ray spectra were recorded using Oxford INCA Energy software. An
accelerating voltage of 10 kV, beam current of 1.0 nA, and a typical measuring time of 15 s
for each particle were used to ensure a low background level for the spectra, good sensitivity
for low-Z element analysis, and statistically significant characteristic X-ray counts. EDX data

acquisition for the individual particles was carried out manually in point analysis mode,
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whereby the electron beam was focused on the center of each particle and X-rays were
acquired while the beam remained fixed on this single spot. The net X-ray intensities for the
chemical elements were obtained by a non-linear, least-square fitting of the collected spectra
using the AXIL program.” The elemental concentrations of the individual particles were
determined from their X-ray intensities using a Monte Carlo calculation combined with
reverse successive approximations.® The quantitative procedure based on a Monte Carlo
simulation combined with successive approximations provided accurate results to within a
12% relative deviation between the calculated and nominal elemental concentrations for the
various standard particles.®*® Using the “expert system” program’, the individual particles
were classified into different particle types based on their chemical compositions and

morphologies. The basic classification rules are reported elsewhere.”

2.3. RMS measurements

The particles collected either on Al or Ag foil were placed on the microscope stage of
a confocal Raman microspectrometer (LabRAM HR, Horiba-Scientific) equipped with a
100%, 0.9 numerical aperture objective (Olympus). Raman scattering was performed at a
wavelength of 632.8 nm using a He—Ne laser and detected with a N; cooled charge-coupled
device (CCD) detector. The laser power delivered to the sample was approximately 8 mW,
which could be attenuated by a set of neutral density filters with an optical density ranging
from 2 to 10000. The spot size of the laser at the sample was estimated to be ~1 um?. The
spectra and images were acquired using Labspec5 software. For each analysis, two spectral
ranges, i.e., 100-1250 cm” and 1000-2000 cm™, were explored. The XYZ computer-
controlled Raman mapping was performed by obtaining the Raman spectra in a point-by-
point XY scanning mode with a 1 um step and a 10 s integration time per pixel. Raman
mapping generates a three dimensional data set (x X y x X), i.e. X X y spectra, each containing
A = 2040 spectral elements corresponding to a spectral range of approximately 1000 cm ™'
with a spectral resolution of 4 cm™'. From this data set, the pure Raman spectrum and spatial

distribution of each species was obtained with a powerful multivariate data treatment

(SIMPLISMAX).*%!

2.4. ATR-FTIR imaging measurements
ATR-FTIR imaging measurements were performed using a Perkin Elmer Spectrum
100 FTIR spectrometer interfaced to a Spectrum Spotlight 400 FTIR microscope. An ATR

accessory using a germanium hemispherical IRE crystal with a diameter of 600 um was used
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for ATR imaging. The ATR accessory was mounted on the X-Y stage of the FTIR
microscope and the IRE crystal made contact with the sample through a force lever. The
ultimate spatial resolution of IR imaging is approximately equal to the wavelength of the
incident IR radiation. On the other hand, the hemispherical IRE crystal acts like a lens in that
the IR beam is condensed when the beam strikes the IRE. The extent of condensation is
proportional to the refractive index of the IRE material (e.g. 4.0 for germanium). Therefore, a
spatial resolution of 3.1 pm at 1726 cm™ (5.79 um) was achieved beyond the ultimate spatial
resolution limit.***” A 16 x 1 pixel mercury cadmium telluride (MCT) array detector was
used to obtain FTIR images with a pixel size of 1.56 um. For each pixel, an ATR-FTIR
spectrum, ranging from 680 to 4000 cm™ with a spectral resolution of 8 cm™, was obtained
from eight interferograms, which were co-added and Fourier-transformed. The position of the
crystal on the sample was determined by optical microscopy equipped with a light-emitting
diode and CCD camera. Optical imaging was used to identify the same single particles that
were analyzed using low-Z particle EPMA or RMS before ATR-FTIR imaging. Spectral data

processing was performed using Perkin Elmer Spectrum IMAGE software.

2.5. Combined use of low-Z particle EPMA, RMS, and ATR-FTIR imaging

The combined use of the three single-particle analytical techniques for an examination
of the same individual standard particles was carried out off-line, i.e. low-Z particle EPMA
measurements were first performed to obtain the morphological and elemental compositional
information on individual particles. Raman measurements of the individual particles on the
same image fields examined previously by low-Z particle EPMA were carried out after
relocating the particles using SEIs from SEM and optical images available from RMS. The
relocation of individual particles of (sub)micrometer size either on Al or Ag foil is somewhat
tricky and sometimes time-consuming. Nonetheless, many SEIs obtained at various
magnifications (30x - 1000x) at overall and specific areas of the Al or Ag foil were utilized to
find out the same image field by visually examining the location pattern of particles on
optical image fields provided by RMS and ATR-FTIR imaging instruments. Finally, ATR-
FTIR imaging measurements were performed on the same individual particles, which were
examined by low-Z particle EPMA and RMS after relocating the particles using the SEIs and
optical images. ATR-FTIR imaging measurements were carried out last because standard
particles were physically modified when the IRE crystal made contact with the sample for the

ATR-FTIR imaging measurements. On the other hand, for the investigation of the indoor
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airborne sample, low-Z particle EPMA was performed first, followed in order by ATR-FTIR
imaging and RMS. When the RMS measurements were performed before ATR-FTIR
imaging, textile particles in the sample were damaged by the laser beam in RMS, producing
insufficient ATR-FTIR spectra for the chemical speciation. When low-Z particle EPMA,
RMS, and ATR-FTIR imaging are applied in combination for the characterization of the
same individual particles, the possible damage induced by electrons and/or laser beam for

beam-sensitive particles needs to be carefully considered.

3. Results and discussion

3.1. Combined use of low-Z particle EPMA, RMS, and ATR-FTIR imaging for standard
particles

In this study, the X-ray, Raman, and ATR-FTIR spectral and imaging data of the same
micrometer-sized particles were obtained successfully for the first time. As a typical example,
Fig. 1(A)-(D) shows an SEI obtained before the Raman measurement, a visible light optical
image obtained from the Raman instrument, an ATR-FTIR principal component analysis
(PCA) image, and an SEI obtained after the ATR-FTIR measurement, respectively, of the
same 20 standard anhydrite particles sitting on Ag foil. Although the qualities of the SEIs,
optical image, and ATR-FTIR image differ due to the inherently different spatial resolutions
of the images, the same patterns of the particle location among the images ensured that the
same micrometer-sized particles were observed. First, the X-ray spectral and imaging data of
all the 20 particles in the image field were obtained by SEM/EDX. Second, the sample, ~ 1 x
1 cm? in size, was moved into a Raman spectrometer where an optical microscope was used
to relocate the same particles examined by SEM/EDX. Subsequently, the Raman mapping
data for all the individual particles on the image field was obtained. The sample was
transferred off-line again to a standalone ATR-FTIR imaging instrument, where the same
image field was relocated by using an optical microscope (image is not shown here). The
ATR-FTIR imaging measurements were performed on the image field of ~ 150 x 120 pm?
size, where the pixel number of the image was ~ 7400 considering the pixel size of 1.56 x
1.56 pum?® for the ATR-FTIR image. All pixels in the image contain the full IR spectra,
ranging from 680 to 4000 cm™. After the ATR-FTIR measurements, the sample was
transferred off-line to SEM and an SEI of the same image field was obtained to determine

how the contact between the IRE crystal and the sample was made.
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The images and spectral data for the other standard particles, such as gypsum, calcite,
quartz, sodium sulfate, sodium nitrate, and K-feldspar, were obtained by SEM/EDX, RMS,
and ATR-FTIR imaging in the same way as for anhydrite, where the images and X-ray,
Raman, and ATR-FTIR spectra provided the consistent chemical information from the same
individual standard particles (see Electronic supplementary information (ESI)).

The images and spectra of two typical anhydrite and gypsum particles shown in Fig. 2
clearly indicate that the three single-particle analytical techniques provide consistent
chemical and morphological information on the same individual particles. Fig. 2(A) shows
the visible light optical and Raman mapping images and SEls, where the different quality of
the images is clearly seen. The intensity variations observed on the Raman images (Fig.
2(A2) and (AS)) is due to the variation of the focus point of the laser (i.e. on the surface or
above the surface of the particle) depending on the surface topography of the particles.
Anhydrite (CaSO4) and gypsum (CaSO42H,0) are calcium sulfates without and with crystal
water, respectively. The different crystal structures between the anhydrite (orthorhombic) and
gypsum (monoclinic) particles can be determined clearly from their different Raman and
ATR-FTIR spectra (Fig. 2(C) and (D)), which closely match with the reported spectra (see
Table S1 of ESI). Elemental compositional analysis by low-Z particle EPMA also provided a
clue on the difference between the anhydrite and gypsum particles, i.e. the measured
elemental concentrations are similar to the stoichiometry of anhydrite and gypsum (Ca: S: O
=1.0: 1.1: 4.0 and 1.0: 0.9: 5.5, respectively), even though the difference was not as clear as
those by RMS and ATR-FTIR analyses. Similar combined analysis was performed for other
standard particles and good agreement was observed between the elemental and molecular
compositions (see Figs. S1-S11 in ESI).

In Fig. 1(C), which shows a PCA ATR-FTIR image obtained by the application of
PCA after the first differentiation of the original ATR-FTIR spectra of all of pixels in the
image, the particles were displayed in two different colors, i.e. green for anhydrite particles
and white-pink for calcite. PCA analysis of the ATR-FTIR imaging data can produce their
images in different colors for particles with different chemical compositions. Therefore, the
PCA images are useful for examining the chemical heterogeneity of individual particles on
the image field. Although the purity of the anhydrite standard particle sample was 99.99%, 3
out of the 20 particles in the image field, such as #4, 5, and 12 in Fig. 1 (and Fig. S12 in ESI),
were calcite. The ATR-FTIR images obtained at the characteristic IR peaks for anhydrite and
calcite, such as 1090 and 1400 cm™', respectively, clearly show the spatial distribution of each

mineral, as shown in Fig. S12(B) of ESI. As shown in Fig. 1(A) and (B) and Fig. S12(A) of
9
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ESI, particles #3 and #4 were spatially well segregated when low-Z particle EPMA and RMS
measurements were performed, and the X-ray and Raman spectral data were obtained from
the segregated particles. On the other hand, as shown in Fig. 1(C) and Fig. S12(B1) of ESI,
particles #3 and #4 appear coagulated on the ATR-FTIR images. Indeed, the SEI obtained
after the ATR-FTIR measurements (Fig. 1(D)) suggests that particles #3 and #4 agglomerated
when the sample came in contact with the Ge IRE crystal. A large amount of FTIR image
data can be obtained relatively quickly compared to RMS. Therefore, molecular screening of
the particle samples can be performed easily with similar quality discrimination of chemical
heterogeneity. The spatial heterogeneity of individual particles can be clearly determined
using RMS. Fig. S12(A) of ESI shows the visible light optical image of the particles #3 and
#4 obtained by optical microscopy in a Raman spectrometer (Fig. S12(A1)), together with
their Raman images obtained after a Raman spectral data treatment using SIMPLISMAX (Fig.
S12(A2)-(A4)), where anhydrite and calcite minerals are displayed in green and red colors,
respectively. Raman analysis suggested that particle #3 is a pure anhydrite mineral and
particle #4 is composed of anhydrite and calcite at its upper and lower parts, respectively (Fig.
S12(A2)-(A4)). Another example of the good capability of RMS for an analysis of the
internal mixing of different chemicals in single particles can be found for particle #9 of a

standard gypsum sample (see Figs. S1 and S13 in ESI).

3.2. The combined use of low-Z particle EPMA, RMS, and ATR-FTIR imaging for the
characterization of indoor aerosol particles

Fig. 3(A)-(D) shows an SEI obtained before the ATR-FTIR imaging measurements, a
PCA ATR-FTIR image, a visible light optical image obtained from the Raman instrument
after ATR-FTIR imaging, and an SEI obtained after the RMS measurement, respectively, of
the same 51 airborne individual particles of the indoor aerosol sample. The same patterns of
the particle location among the images ensured that the same micrometer-sized particles were
observed. First, the morphological and X-ray spectral data of all 51 particles in the image
field were obtained by SEM/EDX. Second, the sample, ~ 1 x 1 cm? in size, was moved to the
ATR-FTIR imaging instrument, and the ATR-FTIR spectra for all the pixels on the same
image field were obtained after relocating the same particles examined by SEM/EDX. ATR-
FTIR imaging was performed on the image field, ~ 350 x 270 um” in size. The sample was
then transferred off-line again into a Raman spectrometer where the Raman mapping data for

all the individual particles on the same image field was obtained after relocating the same

10
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image field. After the RMS measurements, an SEI of the same image field was obtained by
SEM to check what modification had occurred during the ATR-FTIR measurements due to
IRE crystal contact with the sample and during the Raman measurements due to laser beam
damage.

Fig. 4 shows SEI and optical image from SEM and Raman spectroscopy, respectively,
of three exemplar particles encountered frequently in this indoor particle sample, together
with their X-ray, Raman, and ATR-FTIR spectra. As shown in Fig. 4(A), particle #29
appeared peculiar and flat on its SEI and transparent on its optical image. Based on its X-ray
spectral data, particle #29 is a type of organic particle containing C, N, and O with a small
amount of S. Raman spectroscopy did not provide useful information on its molecular species
because only a fluorescence signal, which is probably from some organic compounds, was
observed. On the other hand, ATR-FTIR analysis clearly identified it as a textile particle,
either azlon or silk, which was achieved by comparing its spectrum with that from a Perkin-
Elmer FTIR spectra library.*

As shown in Fig. 4(B), particle #34 appears angular both on SEI and optical image,
which is typical for mineral particles. X-ray analysis indicated that it is a SiO, mineral with
minor carbonaceous species (atomic concentrations of Si, O, and C are 32.8%, 62.8%, and
3.6%, respectively). Airborne SiO, mineral particles can normally exist either as quartz or
cristobalite, and RMS and ATR-FTIR analysis identified particle #34 as quartz based on their
Raman band and IR peaks. Regarding the carbonaceous species present in its X-ray spectrum,
the ATR-FTIR spectrum does not show any related peak, probably because it is IR-inactive
elemental carbon. Indeed, the Raman spectrum of particle #34 showed strong Raman bands at
1354 and 1573 cm™, which are characteristic of elemental carbon, such as graphite and soot
with a large Raman cross-section.” In addition, a fluorescence signal was present, indicating
the presence of organic carbon (probably humic or humic-like substances in very small
amounts that are not detectable by ATR-FTIR analysis). Ti was not detected by low-Z
particle EPMA because its content was below the detection limit (<1 wt %), but a small
amount of anatase (TiO,) was detected by RMS based on its characteristic Raman bands.”
The TiO, species was reported to be generally associated with swelling clay minerals®, and
mineral dust containing minor TiO, might act as an effective photocatalyst for atmospheric

chemical reactions.”>”

In particular, it was recently reported that TiO, is involved in the
renoxification process.”” The combined application of the three single particle analytical

techniques indicates that particle #34 is a quartz particle mixed with a minor amount of
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anatase and elemental carbon along with very minor amounts of organic carbon (notated as
quartz/anatase/elemental carbon in Fig. 4(B)).

As shown in Fig. 4(C), particle #18 appears agglomerated with many nano-sized
particles, which is typical for iron-containing underground subway particles generated mainly

. . . . 32,58-60
from mechanical wear and friction processes at the rail-wheel-brake interfaces.™

X-ray
analysis indicated that it is an iron oxide particle with minor carbonaceous species (atomic
concentrations of Fe, O, and C are 37.0%, 58.3%, and 4.8%, respectively). Iron oxides can
exist with three different forms, such as magnetite (Fe;O4), hematite (a-Fe;Os), and
maghemite (y-Fe,O3) with different magnetic properties®’ and toxicities”™®. On the other
hand, X-ray analysis cannot provide clear chemical speciation of the iron oxides in particle
#18. In addition, ATR-FTIR is blind to the analysis of iron oxides due to the absence of
characteristic IR peaks in the 680-4000 cm™ spectral range. RMS is helpful for detecting the
presence of both hematite and magnetite based on the hematite Raman bands at 225, 291, 410,
496, and 610 cm™! and a magnetite band at 658 em™ 849 n addition, the carbonaceous
species present in the X-ray spectrum is only elemental carbon, which was suggested by the
presence of Raman bands at 1315 and 1590 cm™, no fluorescence in the Raman spectrum,
and no peak in the ATR-FTIR spectrum. The combined application of the three single-
particle analytical techniques indicates that particle #18 is a hematite and magnetite mixture
with a small amount of elemental carbon (notated as hematite/magnetite/elemental carbon in
Fig. 4(C)).

Table 1 lists the chemical speciation results by the use of the three data in
combination for the 51 individual indoor particles. The chemical species that were assigned
either by low-Z particle EPMA, ATR-FTIR imaging, or RMS analysis are given in the third-
fifth columns of Table 1. The sixth column of Table 1 lists the chemical species determined
by the combined use of the three single-particle analytical data. Among the overall 51
individual particles analyzed, five different major species were classified, i.e. 12 textile
particles, 7 mineral particles on textile one, 14 silicate mineral particles, 3 CaCOs-containing
particles, 9 particles mixed with silicates and CaCOs, and 6 iron-containing particles.

The chemical speciation of the 12 textile particles, which were found to be either
azlon or silk, was clearly obtained by ATR-FTIR analysis, which is supported by
morphological and elemental concentration data from low-Z particle EPMA analysis,
whereas RMS showed that these textile particles are organic by revealing only strong

fluorescent signals. In addition, 7 mineral particles were also found to be sitting on textile
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particles. For these particles, the ATR-FTIR spectral data was useful in identifying their
mineral types because the IR peaks of the textile particles could be differentiated from those
of the minerals, which is supported by low-Z particle EPMA analysis (see Table 1).

Fourteen particles were assigned as silicates (Table 1). As there are many different
types of silicates, low-Z particle EPMA cannot identify unambiguously the specific form of
aluminosilicate minerals alone so that aluminosilicate particles are denoted as “AlSi” in the
third column of Table 1. On the other hand, ATR-FTIR analysis is useful for the chemical
speciation of individual silicate particles when used with low-Z particle EPMA in
combination.”>*** RMS provided information on the presence of organic or elemental
carbons based on the fluorescence or elemental carbon Raman signals. As listed in Table 1,
the specific mineral forms, including their carbonaceous species, of all the 14 silicate
particles were identified by the combined use of the three techniques for these silicate
particles.

The CaCOs-containing particles are also abundant in this sample (three CaCOs;
particles and nine particles mixed with CaCOs and silicates; see Table 1). When silicates are
mixed with CaCOs;, RMS shows fluorescence and/or elemental carbon, which are similarly
observed for the silicate particles. The combined use of low-Z particle EPMA and ATR-FTIR
analyses was found to be useful for the chemical speciation of these CaCOj;-containing
particles, along with additional information from RMS on carbonaceous species.

As described for particle #18 above, ATR-FTIR cannot detect iron-containing
particles. On the other hand, RMS is powerful because it covers the spectral range of 100-670
cm”, where the Raman bands of iron oxides are observed. The chemical species of iron
oxides in the subway particles have been in dispute for a long-time because they are related to
their different toxicities.®® Subway particles collected in a subway station in Stockholm,
Sweden, were found to be eight times more genotoxic than urban street particles because
iron-containing subway particles were crudely claimed to be in the form of magnetite, which
has adverse health effects. On the other hand, major iron oxide particles collected at a subway
station in Budapest, Hungary, were reported to be comprised mostly of relatively harmless
hematite with small amounts of magnetite.”® A recent XRD study reported that hematite is the
major particle type in particles collected at a subway station in Barcelona, Spain.®” According
to this study, the combined use of RMS and low-Z particle EPMA revealed that hematite and

magnetite are mixed in individual iron-containing particles.

4. Conclusions
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In this study, the potential of the combined use of three single-particle analytical
techniques (low-Z particle EPMA, RMS, and ATR-FTIR imaging) for an analysis of the
same individual particles was investigated. For standard mineral particles, the X-ray, Raman,
and ATR-FTIR spectral data of the same individual particles provided information on their
chemical species, which were consistent between them. Morphological and elemental
concentration information was obtained from low-Z particle EPMA analysis. Information on
the molecular species and internal mixing state could be obtained by RMS and ATR-FTIR
imaging techniques, with RMS having better capability for chemical heterogeneity analysis.

When this analytical methodology was applied to an indoor sample, the morphology
and elemental concentration data of 51 individual particles on an image field were obtained
using SEM/EDX. Quality RMS and ATR-FTIR data were obtained for all the particles.
However, some Raman spectra were obscured by strong fluorescence from organic species,
which appear to be somewhat common in real airborne aerosol particles. Because RMS
covers the far IR spectral range, the chemical speciation from the far IR spectral data is quite
valuable for metal-containing compounds, such as iron oxide particles. On the other hand, the
identification of iron metal was only feasible from low-Z particle EPMA because RMS and
ATR-FTIR are blind to the detection of iron metal. ATR-FTIR analysis was useful for
chemical speciation of mineral and textile particles. In this work, the application of the three
single-particle analytical techniques for an analysis of the same individual airborne particles
provided richer information on their physicochemical characteristics than when those
techniques were used alone or when two techniques in combination. As ATR-FTIR imaging,

RMS, and low-Z particle EPMA have their own advantages and disadvantages, future studies
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should examine the optimal analytical procedure for the combined use of the three techniques.
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Table 1. Chemical speciation either by low-Z particle EPMA, ATR-FTIR imaging, or RMS, and by the use of the three data in combination.

Analyst

parti
cle #

size
(in
pm)

chemical speciation by
low-Z particle EPMA
(minor elements)

chemical speciation by ATR-
FTIR imaging

chemical speciation by RMS

chemical speciation by
the combined use of
three data

(A) Textile particles - azlon or silk

3 16.3 C,N,O (Ca) textile (azlon or silk) no data textile (azlon or silk)
4 9.9 C,N,O (S) textile (azlon or silk) fluorescence textile (azlon or silk)
11 16.3 C,N,O (Na,S) textile (azlon or silk) fluorescence textile (azlon or silk)
14 | 32.9 C,N,O (K) textile (azlon or silk) no data textile (azlon or silk)
21 11.3 C,N,O (Ca,S) textile (azlon or silk) no data textile (azlon or silk)
28 | 30.5 C,N,O (Na) textile (azlon or silk) no data textile (azlon or silk)
29 | 214 C,N,O (S) textile (azlon or silk) fluorescence textile (azlon or silk)
33 | 23.1 C,N,O (Na,S,K,Ca) textile (azlon or silk) fluorescence textile (azlon or silk)
35 11.4 C,N,O (Na,Si,S,K,Ca) textile (azlon or silk) fluorescence textile (azlon or silk)
38 | 20.3 CN,O (S) textile (azlon or silk) no data textile (azlon or silk)
42 | 17.0 C,N,O (Na,S) textile (azlon or silk) no data textile (azlon or silk)
45 18.7 C,N,O (S) textile (azlon or silk) no data textile (azlon or silk)
(B) Mineral particles on textile one
12 5.9 C,N,O/AlSi/Na textile/Na-feldspar fluorescence Na-feldspar/textile
2 40 C,0/Al1Si/Ca(C03,504)/C textile/montmorillonite/ fluorescence/ montmorillonite/
' (Na,Mg,K, Fe) Ca(C03,S0y) elemental carbon(EC) Ca(C03,S04)/textile/EC
) ) K-feldspar/
30 4.7 C,0/AlS1/CaCOs/K textile/K-feldspar/CaCOs3 fluorescence/EC

CaCOx/textile/EC
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Analyst

31 39 C,N,0/AlSi1/CaCOs3 textile/motmorillonite/ fluorescence montmorillonite/
' (Na,Mg) CaCO; CaCOs/textile
32 7.0 C,N,0/CaCOs (Si) textile/CaCOs/quartz fluorescence CaCOs/quartz/textile
C,0/AlS1/Ca(C0O;,S04 textile/montmorillonite/ montmorillonite/
37175 (Na,Mg(,Fe) : Ca(CO5.S0y) fluorescence/EC Ca(COs,80,)/textile/EC
41 12.6 C,N,0O/AlSi/Na,Ca textile/(Na,Ca)-feldspar fluorescence (Na,Ca)-feldspar/textile
(C) Silicates

1 4.1 AlSi/Na/C Na-feldspar/organics Na-feldspar/organics Na-feldspar/organics
2 4.2 AIS1/K/C K-feldspar fluorescence/EC K-feldspar/EC

6 3.2 AlSi/Na/C Na-feldspar fluorescence/EC Na-feldspar/EC

7 2.8 S10,/C crystobalite fluorescence/EC crystobalite/EC

10 4.3 AlSi1/FeOx/Mg,C Biotite fluorescence/EC biotite/FeOx/EC
17 4.3 AISi/C (Na,Mg,Fe) montmorillonite/organics fluorescence/EC m(;rrlgggirclll/%nclte/
20 3.6 Si0,/C quartz fluorescence/EC quartz/EC
24 6.3 Si0,/C crystobalite fluorescence/EC crystobalite/EC
25 4.2 AISi/K/C (Mg,Fe) muscovite/organics fluorescence muscovite/organics
27 2.7 AlSi/Na/C (Ca) (Na,Ca)-feldspar/organics fluorescence/EC (Na,gf;;fl;eilcdsspar/
34 4.6 Si0,/C quartz anatase/quartz/EC quartz/anatase/EC
39 4.3 AlSi/Na/C Na-feldspar/organics fluorescence/EC Na-feldspar/organics
47 4.3 AlSi/Na/C Na-feldspar fluorescence/EC Na-feldspar/EC
51 5.4 AlSi/Na/C Na-feldspar fluorescence/EC Na-feldspar/EC

(D) CaCQOs-containing particles
16 4.6 CaCOs CaCOs CaCO; CaCOs
19 4.2 C/CaCOs CaCOs/amorphous calcium fluorescence/EC EC/CaCO5;/ACC
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Analyst
carbonate(ACC)
48 4.3 CaCOy/C CaCOs/organics CaCO; CaCOs/organics
(E) Particles mixed with silicates and CaCQO;
C/Ca(CO5,S0,)/AISi Ca(CO5,S04)/ EC/Ca(CO5,50.)/
8 6.8 o . EC Montmorillonite/
(Na,Mg) montmorillonite/organics organics
9 6.1 | C/AISI/CaCO; (Na,Mg,Fe) montrnorlllomte/ CaCOas/ fluorescence montmorlllon%te/ CaCO;
organics /organics
Ca(CO0s3,504)/
13 6.5 | C/Ca(C0O3,S04)/AlSi (Mg) Ca(CO3 ’.804)/ . fluorescence Montmorillonite/
montmorillonite/organics organics
3 51 C/AISi (Mg.K.Ca,Fe) montmorlllomte/CaCOg/ fAuorescence/EC montmorlllqnlte/CaCO3
organics /organics/EC
26 | 6.0 C/AlSi/CaCO3/Na,K (Na,K)-feldspar/ fluorescence (Na,K)-feldspar/CaCO;
CaCOj/organics /organics
. . . montmorillonite/
C/Al1S1/Ca(C0O3,S04) montmorillonite/ .
36 8.5 (Na,Mg) Ca(CO5,S0s)lorganics fluorescence/EC Ca(CO3,S(§é)/0rgamcs/
) o montmorillonite/
C/AlSi/Ca(C0O3,S04) montmorillonite/ .
44 5.7 (Na.Mg Fe) Ca(CO5,S0s)lorganics fluorescence/EC Ca(COg,Sgg/organlcs/
AlSi/Ca(C0O3,S04)/C montmorillonite/ montmorillonite/
46 8.1 (Na.Mg Fe) Ca(CO5,S0,) fluorescence/EC Ca(C05.804)/EC
Na-feldspar/ Na-feldspar/
49 4.5 AlSi/(Mg,Ca)CO3/Na/C (Mg,Ca)COs/organics fluorescence/EC (Mg,Ca)Clg)Cg/orgamcs/
(F) Fe-containing particles
5 3.0 FeOx/Si1,Ca,C no IR peaks hematite/magnetite/EC hematlte/rsr;aéggetlte/EC/
15 7.2 FeOx/S1,Ca,C no IR peaks hematite/magnetite/EC hemat1te/$acg:et1te/EC/
18 4.9 FeOx/C no IR peaks hematite/magnetite/EC hematite/magnetite/EC
24
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hematite/magnetite/EC/

40 2.1 FeOx/Si,Ca,Cu,Ba,S,C no IR peaks hematite/magnetite/EC Si.Ca.Cu.Ba.S

Hematite/magnetite/EC/

43 5.1 FeOx/Si,Ca,C no IR peaks hematite/magnetite/EC 3iCa

Hematite/magnetite/EC/
Si,Ca

©CoO~NOUTA,WNPE

50 3.6 FeOx/Si,Ca,C no IR peaks hematite/magnetite/EC
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Figure 1. (A) Secondary electron image (SEI) from SEM before ATR-FTIR measurement, (B) optical image from Raman spectrometer, (C)
ATR-FT-IR image by PCA analysis, and (D) SEI after ATR-FTIR measurement of the same 20 anhydrite particles on Ag foil.
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Analyst

Figure 2. (A) Optical images from Raman spectrometer ((A1) and (A4)), corresponding Raman images ((A2) and (AS5)), and SEIs ((A3) and

(A6)) of the same anhydrite and gypsum particles, respectively, (B) their X-ray spectra, (C) Raman spectra, and (D) ATR-FT-IR spectra.
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Analyst

Figure 3. (A) Secondary electron image (SEI) from SEM before ATR-FTIR measurement, (B) ATR-FTIR PCA image, (C) optical image from

Raman spectrometer, and (D) SEI after RMS measurement of the same 51 airborne indoor particles on Al foil.
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Figure 4. Three exemplar indoor particles with their morphological images and X-ray, Raman, and ATR-FTIR spectra.

(A) Particle #29 : textile(azlon or silk)
X-ray spectrum Raman spectrum ATR-FTIR spectrum
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Anhydrite individual particles
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HIGHLIGHTS

® A quantitative ED-EPMA, RMS, and ATR-FTIR imaging techniques were used

in combination for the analysis of the same individual particles for the first time.
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