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Abstract

This work characterizes collections of infrared spectra of individual dust particles of ~4 m size that were obtained from
three very different environments: our lab air, a home air filter, and the || September 2001 World Trade Center event.
Particle collection was done either directly from the air or by placing dust powder from various samples directly on the
plasmonic mesh with 5m square holes as air is pumped through the mesh. This arrangement enables the recording
of “scatter-free” infrared absorption spectra of individual particles of size comparable to the probing wavelengths
whose vibrational signatures are otherwise dominated by scattering and dispersive line shape distortions. The spectra
are sensitive to the amounts of various infrared active components and analysis using a Mie—Bruggeman model for mixed
composition particles provides volume fractions of the components. Inhalation of dust particles of ~4 um size has signifi-
cant health consequences as these are among the largest inhaled into people’s lungs. The chemical composition of ~4 um
respirable particles is of great interest from health, atmospheric, and environmental perspectives as different environments

may pose different hazards and spectroscopic challenges.
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Introduction

Dust is omnipresent—when people breathe, airborne par-
ticulates are inhaled. Increases in particulate matter are
known to be correlated with increases in all-cause mortal-
ity.' While definitive results>* and regulations (https://www.
epa.gov/criteria-air-pollutants/naags-table)  exist for PM;s
(particulate matter less than 2.5 um in aerodynamic diam-
eter), it should be noted that these designations generally
correspond to measurements with filters having 50% cutoffs
at the designated size’ (see Figure 1045 therein), i.e., a fair
fraction of 4pum particles get through a PM,;s filter.
Furthermore, simulations of human alveolar mass deposition
as a function of size®® (see Chapter 10 in Hinds’) predict a
significant coarse particle deposition distribution, particularly
with open mouth breathing, with a maximum near 4 pm.
Airborne particulate matter in the range of 2.5-10pum
(PMy5_10) includes the largest particles that get past our
noses and throats, making it into our lungs.” Such particles
do not stay airborne as long as smaller particles,® so particles
of the ~4 um target size may be more indicative of the local

environment than the smaller particles that are inhaled fully
into the lungs. Given the important and challenging issues
associated with coarse particles of ~4 um size regarding
health and regulations,>” note that these experiments pro-
vide a different, size-selective, analytical perspective since the
plasmonic metal mesh employed in this work captures a very
narrow particle size distribution (~4.0 £ 0.3 um). Given the
known symptoms of inhaling high levels of particulate matter
and the risks associated with long-term exposure to elevated
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levels, there is a need to chemically evaluate such particles.'®
Our previous single particle work'®™"* includes the study of a
spectral library of 63 individual dust particles extracted from
our laboratory air'? demonstrating chemical variability includ-
ing minerals, sulfates, nitrates, and organics, as well as a model
for analysis of volume fractions.'® In this work, the study is
extended to samples obtained from a home air filter and the
Il September 2001 World Trade Center (WTC) event.
A Mie—Bruggeman spectral model for samples of mixed par-
ticles'® has been commonly applied to samples from the
three different dust environments providing volume fractions
of the common components in these samples. The Mie—
Bruggeman spectral model is also shown to aid in the single
value decomposition analysis of the dust library.

Fourier transform infrared (FTIR) spectroscopy offers
molecular characterization of chemical functional groups in
individual dust particle samples,'*'*™? including quantitative
analysis,'® which compliments the more numerous studies
characterizing atoms.>?'™>> But to quantitatively study sub-
wavelength scale dust particles, infrared (IR) spectroscopy
has challenges:'* (1) vibrational peaks of wavelength-sized
particles are dominated by Mie scattering effects that can
be ten times larger; (2) vibrational lineshapes are distorted
by dispersive scattering contributions, the Christiansen
effect;”®?” and (3) insignificant intensity of light is transmitted
to the detector through apertures as the particle falls in the
micrometer-scale size range, i.e., it is smaller than the prob-
ing wavelength and detector element. Synchrotron free elec-
tron lasers with IR microscopy adaptations®® offer new
capabilities and can overcome the latter problem (although
at significantly more expense), but are still subject to scat-
tering effects. Benchtop FTIR instruments using blackbody
sources have been used to study dust grains collected from
space;””?® however, again there are scattering issues. In our
novel approach, the aforementioned spectroscopic chal-
lenges can be avoided by taking IR spectra of particles
while they are trapped in a plasmonic metal film, providing
a metallic but transmitting confinement for the particle.
Particles are trapped using a pump that passes air through
the mesh. The mesh has interesting optical properties includ-
ing the reduction of scattering effects and the production
of undistorted vibrational lineshapes of a trapped individual
particle.3'3? The Coe group has recorded IR spectra of indi-
vidual subwavelength particles including live yeast cells,''
latex microspheres,®*** and calibrant materials'® (quartz,
gypsum, carbonates, different types of clay, humic acid/salt).
This work applies a common analysisIo to three dust sam-
ples, including dust from lab air,'® a home air filter,'® and the
September |1, 2001 World Trade Center event by using
plasmonic Ni mesh and an imaging FTIR microscope.

Experimental

The experimental setup for recording single particle spec-
tra of wavelength scale particles has been described in
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Figure 1. (a) A single dust particle trapped in a 5 um hole of
Ni plasmonic mesh. (b) Schematic of system for pumping air
through a plasmonic mesh (which replaces the filter of a typical
setup). Particles can be trapped either from the air or by placing
powdered samples directly on the mesh as air is pumped
through the mesh.

detail elsewhere.'®'%'53* The particles are trapped in a
metal film with an array of microholes, plasmonic Ni
mesh,'®'%'® having a 12.6 um square lattice parameter,
5um square hole size, and ~2 um thickness as available
from Precision Eforming (Cortland, NY; http://www.preci
sioneforming.com). Briefly, dust sample powder is
placed over the mesh and air is sucked through it using a
pump that traps globular particles having widths that are
slightly smaller than the mesh holes. A scanning electron
microscope (SEM) image of a particle trapped in a plasmo-
nic mesh is shown in Figure |. The mesh is positioned
under a Spotlight 300 imaging FTIR microscope (Perkin
Elmer, Waltham MA) in imaging mode (6.25um by 6.
25um pixel size, 512 scans, 700-4000cm ™' range, and
4cm™' resolution) using a 16 channel liquid nitrogen
cooled MCT detector. A 3 pixel by 3 pixel region without
a dust particle serves as a background for the same size
region with a dust particle, and spectra of dust particles are
only accepted if all of the surrounding holes are empty. The
individual spectra have also had their baselines flattened as
there is a generic rise in extinction due to the change in
lensing associated with the generic increase in the index of
refraction of such particles. Spectra were recorded from a
total of 186 dust particles from three different environ-
ments, and 95 calibrant particles of known composition
were also analyzed in this way. Calibration with particles
of known composition and similar size is extremely import-
ant as it controls for any residual plasmonic or particle size
effects. A description is given below for the dust library
from each environment.
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Figure 2. (a) Single particle IR spectral libraries of lab air dust;
(b) dust from a household filter; (c) dust from the || September
2001 World Trade Center event.

Lab Air Dust

A library of IR spectra of 63 individual particles captured
from our laboratory air in room 0055 of Evans Lab at the
Ohio State University on 21 April 2010 was presented in
our preliminary s'cudy.I0 This work explored the potential
of this new technique, and the plasmonically enhanced
results showed that it can be used to identify not only
the major components in dust, but also minority compo-
nents. Figure 2a shows IR absorption spectra of the dust
particles of ~4 um size range. This work was published
before a quantitative model predicting chemical compos-
ition in the average IR spectra had been developed.

Home Air Filter Dust

The less-open home environment giving rise to indoor air-
borne dust includes additional sources such as combustion
in heating and cooking, tobacco smoke, pet dander, dried
insect fragments, and human skin flakes. Household air sys-
tems such as air conditioners and central heating systems
usually have furnace filters that are designed to stop dust
particles from entering the heating and cooling systems, as
well as people’s lungs. These filters decrease the amount of

Figure 3. Dust settled on car near the intersection of Market
and Water streets about 1.2 miles from “ground zero” of the 11
September 2001 World Trade Center Event. The dust was col-
lected on 17 September 2001 and made available to us, courtesy
of Dr. Paul J. Lioy. The picture is reprinted with permission from
“Dust: The Inside Story of Its Role in the September I Ith
Aftermath”, by Paul ). Lioy, Rowman and Littlefield Publishers.

dust and bacteria circulating indoors. A pleated paper filter
that collected dust over a four month period (nominally
20” x 25” x 6”, Aprilaire 201 Research Products Corp.) in
a residence was used as the source of dust for this project.
Filters like this might capture ~90% of the particulate in the
3—10 pum size range. The dust was collected in a plastic bag
by shaking the filter, then a scoop of the dust powder was
placed on the Ni mesh while pumping air through the mesh.
Figure 2b shows the IR absorption spectra of 63 dust par-
ticles obtained from the home filter. In America, people
spend ~90% of their time indoors®> on average, so it is
important to develop methods to characterize the respir-
able dust that is inhaled.

New York City || September 2001 World Trade
Center Event

On |l September 2001 the World Trade Center was
attacked, resulting in the collapse of the Twin Tower build-
ings. A large plume of dust was released into the atmos-
phere. The plume was transported by winds to the east and
southeast across New York City.>® Samples of the dust
were collected from various places around ground zero
to assess the danger associated with exposure to the
dust at different locations. The sample in this study
was collected by Paul Lioy and coworkers near the inter-
section of Market Street and Water Street, 1.9 km away
from ground zero in a weather-protected location on
17 September 2001 from the top of a car’s hood as
shown in Figure 3. Note that robust studies have been
reported on this sample by Paul Lioy and coworkers;*¢3’
this work, however, concentrates on ~4 um particles that
might have potentially been inhaled by people near the
plumes. Figure 2c shows IR absorption spectra of



60 individual dust particles from this sample. This sample is
very different than the dust that individuals commonly
encounter, and might be described as an example of a
hazardous environment where even a single high exposure
could lead to serious health consequences.

Results and Discussion
Mie Theory and Calibrant Fits

The combination of particles of comparable size to the
probing wavelength and the strong vibrational spectra of
common mineral components of dust'®'* warrant the
use of Mie theory, which can handle severe lineshape dis-
tortions. Mie theory38 is a complete solution to Maxwell’s
equations describing the absorption and scattering of light
by spherical particles given the spherical particle’s complex
index of refraction and radius. Mie theory has been widely
used in climate models to estimate the extinction spectrum
of subwavelength scale particles in the atmosphere®® and
this work incorporates Bohren and Huffman’s codes.*
The Mie model is applied in this work to the average spec-
trum of a library of individual spectra, not an individual
particle spectrum, since the individual particles are not
spherical. In other words, one assumption of our model
is that the overlapping of randomly oriented particles of
different shapes when adjusted to a common center of
origin, will average to a sphere, validating the use of Mie
theory. Previous work'® reported the complex indices of
refraction versus wavelength by fitting a Mie model to the
average IR spectrum of calibrants including calcite, dolo-
mite, gypsum, illite, montmorillonite, kaolinite, polyethyl-
ene, quartz, and yeast. These were found to be the
dominant components of the lab air dust.'> The complex
index of refraction of each calibrant is the square root of
the complex permittivity
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where the index j is over the vibrations of the material, Aj is
the strength of a vibrational transition, Vo is the position of
a transition in wavenumbers, and I'; is the half-width at half
the maximum of the vibrational feature Given the vibra-
tionally mediated index of refraction parameters and a par-
ticle radius of a calibrant, Mie theory can predict the
IR spectrum (extinction or absorption) of a spherically aver-
aged calibrant particle with standard formulas.

Different dust samples are likely to have different com-
ponents, so it is beneficial to add calibrants as the work
proceeds. Previously, there were only two groups of organic
calibrants, yeast and polyethylene. Yeast serves as an IR
model for living or recently living matter, while polyethylene
serves as a model for hydrocarbons that end up in rocks on
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geological timescales and eventually in dust. Humic acid/salt
has been added to the list of calibrants as a model for dirt-
like substances, something in between living and long-dead.
Humic acid was purchased commercially from Alfa Aesar,
Thermo Fisher Scientific, Ward Hill MA, in the form of crys-
talline powder that is a mixture of the acid (50-60%) and
sodium salt. The humic acid/salt is a mixed polymer assem-
bly of aromatic and other functional groups that is intended
to serve as an IR calibrant for the group of humic substances
that are associated with the biodegradation of dead organic
matter and are major constituents of soil, peat, coal, stream
deposits, dystrophic lakes, and ocean water. Humic acid/salt
is only one of a variety of such substances and serves here as
a test of whether this type of calibrant is useful. Details of the
Mie model for humic acid/salt are described in the supple-
mental information. The parameters of the other calibrants
have been previously published.'® The fit is workable, but not
as good as the other calibrants because the material is not a
single compound.

Mie—Bruggeman Model

Typical individual dust particles have two or more compo-
nents, so a model for mixtures has been developed that
combines Mie theory with the Bruggeman mixture theory
in order to model the average IR spectrum of mixed com-
ponent dust libraries. The Bruggeman relation provides a
constraint between the effective permittivity (ees) of a mix-
ture and the permittivities (¢}) and volume fractions (f;) of
each component in the mixture

Zfi& — 2eerr

.= (@)
—" &+ 2eepr

It is difficult to analytically solve for the effective dielec-
tric (particularly with ten components), so an iterative
numerical approach was used with an initial guess of

n
Seff, k—1 = E fi€i
7

where each ¢; is determined by fitting the calibrant’s average
spectrum as discussed in the previous section and f; were
determined manually by looking at comparison plots.
Rearranging Eq. 2 gives the iterative formula for the per-
mittivity of the mixture

Zlfl—l ﬁgi
T e 4 Doy iy
Eeff, k = 7 (3)
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Convergence is usually observed in <10 iterations. Just
as for the calibrants, input of e for a certain mixture of
components and a specific radius for the particle enables
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Figure 4. Mie-Bruggeman model fits of the samples from (a) lab
air; (b) a house filter; (c) the || September 2001 World Trade
Center event. The volume fractions resulting from these fits are
given in Table I.

the prediction of an IR absorption spectra by standard Mie
formulas. This predicted spectrum is compared to the experi-
mental average IR spectrum for a dust library, and the volume
fractions are varied until good agreement is obtained between
the prediction and experiment. A Fortran program was writ-
ten that performed an unweighted, nonlinear least squares fit
using a parameter grid search method*' that adjusted the
volume fractions and particle radius until reasonable fits
were obtained as shown in Figure 4. A red trace was used
for the experimental average IR spectrum for each dust library
case, and a black trace was used for the Mie—Bruggeman
model fit. The program was somewhat nonstandard because
at each grid step of a fitted variable, the program renormalized
the volume fractions so that they always added up to |. The
estimated standard deviation of the fit is computed by sum-
ming the squares of deviations between the average spectrum
and the best Mie—Bruggeman fit, assuming equal weights at
each wavenumber step, and dividing by the number of degrees
of freedom. After the final iteration, the uncertainties of all
parameters were estimated by numerically calculating the
sums of the mixed second derivatives of the fit with respect
to changes in the parameters. Error estimates came from the
diagonal elements of the variance—covariance matrix after
inverting the Hessian and scaling by the estimated standard
deviation of the fit. The best fit volume fractions and their
uncertainties for each case are presented in Table I.

Lab Air Dust. The Mie—Bruggeman volume fraction analysis
was redone on the average IR spectrum of 63 particles by
adding one more calibrant, i.e., humic acid/salt. The opti-
mized fit of the average dust spectrum of 63 particles is
shown in Figure 4a. The lab air dust with an effective radius
of 1.944(25) pm was found to have volume percentages of
34% organic matter (10% yeast-like and 18% humic acid/
salt-like), 25% clay (mostly illite), 4.6% gypsum, 24% quartz,

Table I. Fitted volume fractions from Mie—Bruggeman model
predictions of the average IR spectra of dust from three different
environments.

Lab Home WTC 11
Calibrant air filter September 2001
Calcite 0.117(2) 0.102(3) 0.105(4)
Dolomite 0.003(2) 0.017(3) 0.011(3)
Gypsum 0.047(6) 0.011(7) 0.503(14)
lllite 0.243(10) 0.124(10) 0.00
Kaolinite 0.00(0) 0.00(0) 0.00
Montmorillonite 0.006(6) 0.059(10) 0.00
Polyethylene 0.056(5) 0.018(5) 0.024(7)
Quartz 0.242(6) 0.152(6) 0.017(7)
Yeast 0.102(6) 0.096(10) 0.082(12)
Humic acid/salt 0.181(10) 0.418(13) 0.255(16)

and | 1% carbonates (mostly calcite). The value of the esti-
mated standard deviation of the fit was 0.0026 in absorb-
ance units, which is 3.3% of the maximum peak, an
improvement over the previously obtained result.'®

House Filter Dust. The value of the estimated standard devi-
ation of the fit was 0.0029 in absorbance units, which is
~4% at the maximum peak. With an effective radius of
[.955(3) pum, it was found to have volume percentages of
52% organic matter (10% yeast-like and 42% humic acid/
salt-like), 18% clay (mostly illite), 1.1% gypsum, 11.3% car-
bonates (mostly calcite), and 15% quartz.

World Trade Center Dust. This sample was known to have
gypsum, carbonates, organics, and quartz. The value of the
estimated standard deviation of the fit was 0.0033 in
absorbance units, which is ~4% at the maximum peak.
With an effective radius of 1.875(3) pum, it was found to
have volume percentages of 51% gypsum, 36% organic
matter (mostly 8% yeast-like and 26% humic acid/salt-
like), 11% carbonates (mostly calcite), and 2% quartz. The
results of this study agree with the fine particle study of
McGee et al.¥ according to which gypsum and carbonates
are the major components, with quartz being the minor
component. Both of these results vary from the bulk
sample analysis*® because the composition of dust changes
dramatically with particle size* (see Figure | therein). It is
interesting to note the differences in the categories of com-
ponents between a bulk and single particle study. The sub-
ject respirable particles of this work are smaller than the
probing wavelength of light and much smaller than those
that are likely to be considered in broad studies.*

While the Mie—Bruggeman model shows great promise
for analyzing mixed composition dust samples, it is new and
not fully tested. Full testing awaits the production of size-
specific microparticles of known and mixed composition on



o
@

RSV Spectra
o
(=2}

e
s

0.2 o = 2 ¥ M

0 . . f
4000 3500 3000 2500 2000 1500 1000

v (cm")

Figure 5. The top ten right singular vectors resulting from a
singular value decomposition analysis of a matrix including the
spectra of the three dust library samples, the calibrating particles,
and some Mie—Bruggeman modeling results.

an individual particle basis (work continues on this). The
following section describes a more conventional analysis
using singular value decomposition, however this analysis
is also enriched by the Mie—Bruggeman model.

Singular Value Decomposition Analysis

Each of the dust particle IR spectra were loaded as rows
into a matrix X with the dimensions of the number of
particle spectra (m) by the number of spectral steps (n),
which was 1651 for this work. The initial rows held the dust
particle spectra (186 particles), later rows contained the IR
spectra of calibrant particles (95 particles), and there was
the option of adding more spectra from Mie—Bruggeman
model predictions (110 particle simulations). Singular
value decomposition (SVD) is applicable to rectangular
matrices (like the X matrix) and is closely related to
eigen-analysis of square matrices. To make a square
matrix out of the X matrix, one can use the transpose
(XT) in the form of X - XTor X' - X, where the former is
m x m and the latter is ng x n,. SVD finds the eigenvectors
of both X-XTand XT.X and connects them with a
common set of eigenvalues, the square roots of which
are known as the singular values and the number of these
is the smaller of m or n. In this work (where m < ny), the
eigenvectors of X! - X(right singular vectors or RSVs) look
like IR spectra, while the eigenvectors of X - X (left singular
vectors or LSVs) look like scores (one value for each right
singular vector’s dot product with each particle spectrum).
SVD finds these solutions by decomposition rather than
eigenvector routines, and in this sense is more mathemat-
ically powerful than principal component analysis (PCA),
which can be thought of as a subset of SVD analysis.
Figure 5 shows the first 10 right singular vectors (RSVs)
upon using an X matrix with spectra of 186 dust particles,
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Figure 6. Left singular vectors or scores, LSV 3 versus LSV 2,
for the calibrant particles. These scores amount to dot products
of the chosen right singular vectors (shown in Figure 5) with the
particle spectra of interest, in this case just the calibrants. The
scores are plotted with letters indicating the calibrant: G for
gypsum, M for montmorillonite clay, | for illite clay, K for kaolinite
clay, Q for quartz, D for dolomite, C for calcite, P for polyethyl-
ene, Y for yeast, and H for humic acid/salt. The choice of LSV 3
versus LSV 2 shows good separation of the pure mineral cali-
brants. The ellipses were positioned and varied by hand to define
the ranges of variation. Note how the major axes of the ellipses
point outward.

95 calibrant particles, and |10 Mie—Bruggeman spectral
simulations. The RSVs are analogous to the more com-
monly used principal components, i.e., they are ordered
by their diminishing contributions to mathematical vari-
ations and are orthogonal to each other. They resemble
IR spectra except that they have negative-going features
owing to their orthogonal nature. The first (RSV 1) resem-
bles the average spectrum and there are chemical clues in
the features of these spectra. Organics, for instance by
evidence of asymmetric (2920cm™') and symmetric
(2850 cm™') CH, stretches, are observable in all 10 RSVs,
but prominent in RSV 7 and 9. The first 10 RSVs encompass
~98% of the change in the dust data set, however the data
set is one of complex mixtures, so many of the higher
numbered RSVs are not noisy and might be important for
specific applications. The values in the left singular vectors
are analogous to dot products of the dust particle spectra
with the RSVs. A plot of LSV 3 versus LSV 2 scores for the
dust particle calibrants is shown in Figure 6. Letters are
used as symbols on the plot indicating the various cali-
brants. This plot shows that LSV 3 and LSV 2 scores are
good at separating the pure mineral calibrants. There is
some overlap between scores of silicates (quartz, clay cali-
brants such as kaolinite, illite, montmorillonite), but there
are also well-separated groups of carbonates (dolomite,
calcite), gypsum, and organics (yeast, humic acid/salt, poly-
ethylene). These bigger groups are indicated with ellipses
(for later comparison to the dust particles).
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Figure 7. Left singular vectors or scores (LSV3 versus LSV 2) of
Mie—Bruggeman models of pure calibrant particles as a function of
particle size varying from 3 um to 5 um. The same ellipses from
Figure 6 were redrawn here to indicate the range of variation of
the calibrant data without cluttering the plot with the data points
from Figure 6. The smallest particles have scores near the center,
while increasing particle size trends towards the outside of the
score space, so the biggest spread (the one along the major axes
of the ellipses) is due to variation in particle size.

Before looking at the dust particle results, it is useful to
examine the results of Mie—Bruggeman simulations of par-
ticle spectra of the pure calibrants as a function of particle
size varying from 3 um to 5 um as shown in Figure 7. Again,
LSV 3 scores are plotted against LSV 2 scores for direct
comparison to experimental data in Figure 6. In terms of an
LSV 3 versus LSV 2 plot, there is a systematic dependence
of the scores on particle radii. Larger particle sizes push the
scores to the outside of the plot. This suggests that small
variations in particle size may be an important if not dom-
inant source of spread on these plots. Taking gypsum as an
example, it suggests that the experimental diameters range
from ~4 um to 5 um. Similar analyses can be performed for
other calibrants. The observation of size effect trends (indi-
cated with lines in Figure 7) running along the major axis of
ellipses characterizing spread, reveals that particle radius
variation is the most important contributor to spreads in
this analysis. Consequently, orientation and shape effects
are the most likely contributors to the spreads perpendicu-
lar to the particle radius trends (lines in Figure 7), i.e.,
the minor axes of the ellipses. The combination of Mie—
Bruggeman modeling with SVD scores presents the possi-
bility of seeing beyond the dominant source of size spread
that leaves the spreads of shape and orientation as the likely
errors limiting the quantification of composition mixtures.
It is also useful to predict the position of a uniform mixture
of all the calibrants that will have scores near zero, the
center of these plots. Noting that the organics are very
different than minerals, we note that plots of LSV 9
versus LSV 3 are good at separating organics, but space
constraints prevent showing plots of these results.
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Figure 8. Left singular vectors or scores (LSV 3 versus LSV 2)
for the three dust libraries: (a) lab air; (b) a house filter; (c) the
I'l September 2001 WTC event. The ellipses show the range of
variation of the calibrants whose particle data are given in
Figure 6. Differences in the three samples are evident when
compared to the calibrant materials.

With the above preparation, the scores of LSV 3
versus LSV 2 for the spectra of the three dust particle
libraries are given in Figure 8. The calibrant data is not
plotted, but the ellipses show the regions in which
the calibrant data occurred. The data sets for lab air
(Figure 8a), house filter (Figure 8b), and September |1,
2001 WTC (Figure 8c) do spread differently. Most of the
scores do not fall within calibrant ellipses, hence the char-
acterization of these dust particles as mixtures. On the
other hand, the mixtures are not compressed into one
distribution at the center that would correspond to uni-
form fractions of each calibrant. The lab air results (Figure
8a) show a major concentration between clay, quartz, and
organics. The house filter scores (Figure 8b) show a con-
centration around organics suggesting that these particles
are mostly all organic, or mixture of organics and other



components (clays, gypsum, quartz, and carbonates). Mie—
Bruggeman modeling shows that mixtures of just two cali-
brant species will have scores that tend to lie on lines
between the centers of the corresponding ellipses. For
instance, the region between gypsum and organics is
more populated as one goes from lab air to house filter
to |l September 2001 WTC. Similar results can be
obtained to highlight organics present in the dust samples
by plotting different pairwise combinations of LSVs (such as
LSV 9 versus LSV 3) that separate polyethylene, yeast, and
humic acid/salt into different groups. These results suggest
that groupings of more than two LSV scores may reveal
more information and are probably worth pursuing.

Conclusions

Scatter-free IR spectra of 186 individual particles from
three different environments were recorded. When these
results are combined with the 95 individual particle spectra
of pure calibrant materials, they comprise a dust library, a
resource for understanding dust particle samples. This dust
library is different than other dust libraries as it was rec-
orded from particles of a specific size (~4 pm) using plas-
monic mesh that enhanced the absorption spectral features
over those dominated by scattering. This helps to make
analysis of complex mixtures easier. Note that these results
can also predict extinction spectra, including extinction
spectra for particles of other sizes or even distributions
of sizes. The Mie—Bruggeman model for particles of
mixed composition has been found useful for quantitative
analysis in modeling the average spectrum of the dust par-
ticle library, although the absolute accuracy of volume frac-
tions using the Mie—Bruggeman model is yet to be
determined. Also note that the model can be improved
by adding more calibrants as humic acid/salt has been
added in this work. In view of this, the dust library was
also analyzed by single value decomposition. Right singular
vectors for the current dust library have been presented
(which are like more commonly used spectral principal
components). Left singular vectors were used like principal
component scores to give insights on the chemical identity
of the different dust particle samples. The lab air dust was
found to have organics, clays, and quartz as major compo-
nents, the house filter dust was dominated by organics,
and the respirable WTC dust was dominated by the dry
wall component, gypsum. The Mie—Bruggeman model
was also found to enrich the interpretation of the SVD
results. The tools developed herein will help to analyze
the chemical composition of dust samples including par-
ticles of the largest sizes that get into human lungs. The
information will help to inform health studies associated
with particulate matter of the smallest of “coarse” particle
distributions that are slightly larger and somewhat over-
lapped with the “fine” particle distributions that are cur-
rently well regulated.
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