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Abstract

Current National Ambient Air Quality Standards for particulate matter regulate the mass
concentration of particles in the atmosphere. There is growing evidence that different sources
of these particles have different levels of toxicity. In this work, a system was developed for
collecting source oriented particles from the atmosphere suitable for toxicity testing, as
described in Chapter 2 of this report. Briefly a single particle mass spectrometer identified
particle sources in real time; the mass spectrometer selected a ChemVol associated with each
source category to collect size-selected PM while those particles were being observed. This
system was operated in Fresno, CA during the summer of 2008 and winter of 2009. The
toxicity of the collected samples was assessed in a mouse model. Samples were chemically
analyzed to associate them with sources prevalent in Fresno, CA. Most of the toxicity was
associated with automobile and cooking sources in both seasons while in the winter toxicity
was also associated with secondary compounds.



Executive Summary

Background. Particles are emitted into the atmosphere from a wide range of natural (e.g., sea
spray) and known toxic (e.g., diesel exhaust) sources. The National Ambient Air Quality
Standards do not distinguish between these source since they are based solely on mass in
given particle size ranges. The research carried out here was the first time that particles have
been sampled from the atmosphere in a way that they can be (a) associated with sources and
(b) collected in sufficient quantities to test their toxicity.

Methods. A single particle mass spectrometer (RSMS-I1) sampled air in Fresno, CA during
Summer of 2008 and Winter of 2009. RSMS-I11 was operated for three weeks in each season
to characterize the mixing state of the atmosphere. Ten ChemVol samplers were controlled
by the RSMS-II such that (a) only one operated at a time and (b) RSMS-I11 only operated
each one when a pre-programmed source dominated local air pollution at any given time.
This system was fully automated, operated remotely from UC Davis, and monitored and
collected air pollution particles 24 hours per day for about 4 weeks in each season to collect
the minimum required particulate matter on each ChemVol sample and stage. Each ChemVol
had two stages collecting particles smaller than 170 nm and particles in the 170 to 1,000 nm
range of aerodynamic diameter.

Novel methods were then developed to extract particulate matter from the filter and
polyurethane foam substrates, so that (a) as much of the particulate matter was extracted
from the substrates and (b) hydroscopic and hydrophobic compounds in the particulate matter
were extracted evenly.

Mice were exposed by oropharyngeal aspiration to equal doses of ultrafine (UF) and
submicron fine (SMF) source-oriented PM. At 24 hours post-aspiration, mice were examined
for indicators of pulmonary and systemic inflammation and cytotoxicity.

The RSMS-I11 spectra were analyzed to associate ChemVol samples and stages with sources
in Fresno. Chemical analysis of the metals content of the samples was performed to further
bolster the reliability of this source assignment.

Results. Ten ChemVol samples were collected in Summer of 2008 and 9 in Winter of 2009.
Sufficient mass of the samples were collected and extracted that they could all be assessed
for their relative toxicity in an in vivo mouse model. The degree of measures of
cardiopulmonary inflammation, cytotoxicity and hematology were statistically different for
each source-oriented PM sample compared to control values and between source-oriented
samples for a given size and season. Source-oriented PM elicited inflammatory responses
that were the most significant in the lung compared to the blood at 24 hours following
exposure. In general, UF PM was more pro-inflammatory compared to SMF PM.

Conclusions. Direct toxicity testing of source-oriented PM can increase understanding of the
associations between adverse health effects and PM exposure. Different source-oriented and

size-resolved samples of sub-micron particulate matter elicited differing levels of response in
an array of toxicity measures, supporting the founding hypothesis for this study that different



sources and combinations of sources of particulate matter have different levels of toxicity.
The unanticipated result was that the sources were toxic in different ways. Ultimately, these
advances will contribute to more specific regulations of particulate matter in order to provide
greater protection of human health.

Toxicological and epidemiological studies continue to show significant health effects at
current NAAQS levels motivating continued decreases in NAAQS concentrations. But these
concentrations are now approaching background levels so will be increasingly difficult and
costly to attain. Ultimately, the primary purpose of the Clean Air Act is to protect human
health. Since logic and substantial epidemiological evidence suggests that different sources
of PM have different toxicity, the next wave of PM regulation may focus more on PM source
than on overall PM mass. This report describes the toxicology of different sources of PM
collected from the atmosphere for the first time, identifying vehicle and cooking emissions as
of primary pulmonary health concern in Fresno, California. But Fresno has a limited range of
emissions sources, so this study should be repeated in other locations in California and
around the country to explore the relative toxicity of a wider range of sources.

Chapter 5 discusses the toxicological results in detail and it and Chapter 6 relate these
toxicological endpoints to their sources. In summary,

» Based on particle size, UF PM was a more potent inducer of inflammatory and cytotoxic
response compared to SMF PM on a per mass basis.

* For pulmonary inflammation and cytotoxicity, samples containing PM from vehicular
sources or metals had the high biological response for summer samples, while PM from
vehicular sources, regional processes background, and nighttime inversions had the
highest response for winter samples.

* In general, the same PM sample produced greater inflammatory and cytotoxic responses
in lung samples than in the blood samples under the conditions used in this study.

* Analysis of systemic inflammation did not reveal major differences between the collected
samples.
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Chapter 1
Introduction

Numerous epidemiological studies demonstrate that elevations in PM10 and PM2.5 are
correlated to increases in acute morbidity and mortality in the population. Current research in
many countries is investigating what properties of emissions lead to health effects and what
health effects they cause. The Lovelace Respiratory Research Institute and others have been
investigating the toxicity of emissions from sources, such as those from vehicle exhaust, but
without substantial atmospheric processing (e.g., Seagrave et al., 2005). Humans do not breathe
direct emissions from one source. The real atmospheric situation is much more complicated. A
given urban area hosts a range of emissions sources, including light and heavy duty vehicles,
power plants, entrained dust, and biomass burning, that mix in the atmosphere and are subjected
to photochemical processing. Thus, humans typically breathe photochemically processed
emissions from mixtures of sources.

But how can we relate the toxicity of ambient PM to the sources that emitted them? That
is, there is a huge literature establishing the epidemiological association between ambient PM
and health effects but that work does not indicate which sources are responsible for the health
effects. Likewise, there is a huge literature on the toxicity of (a) ambient PM that is not
associated with emissions sources and (b) source emissions without ambient processing.

The overall objective of this project was to obtain toxicity profiles of atmospherically
processed source-oriented fine and ultrafine particulate emissions. This experiment had never
been performed previously because it involved a unique combination of instruments and skills
that have only recently become available and fortunately are all available at UC Davis. The
underlying hypothesis was that the atmospherically processed emissions from different sources
(and their differing degrees of atmospheric processing) lead to a range of acute toxicity profiles
and that these profiles are different for the fine and ultrafine particle size ranges.

In this work we developed new instrumentation and performed a series of experiments in
Fresno California designed to link the toxicity of ambient aerosols (particles and gases) to the
source or sources that emitted them, thus providing a key link between the toxicity of ambient
particles and their associated gases, and the sources that emit them.

A wide range of sources emit particles and gases that may react in the atmosphere to form
particles. Since epidemiological studies show strong correlations between ambient particulate
matter and adverse health effects, two questions arise: What is it about the particles that elicits
health effects and what health effects are elicited? In this work, we focused our attention on the
first question. More specifically we investigated the relative toxicity profile of mixtures of
sources that have been processed in the atmosphere — that is, they have been exposed to the
photochemical milieu of the atmosphere that may chemically and physically alter the emitted
particles via a range of atmospheric processes. Measurements of the toxicity of direct emissions
miss (a) the photochemical processing and (b) synergy that mixtures of particles from a range of
sources may have on toxicity. Similarly, measurement of the ambient toxicity does not always
lend itself to understanding the range of sources that lead to the observed toxicity. In this work,
we collected source-oriented ambient samples and performed tests on them to elucidate their
relative pulmonary toxicity using the same mass for each exposure.

We hypothesized that different sources, source combinations, and levels of atmospheric
processing elicit different levels of pulmonary and systemic toxicity. Exploration of this
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hypothesis involved the collection of source oriented ambient samples and performing
pulmonary toxicity tests on them.

This was the first time that source-oriented sampling has been performed. Why is that?
First, meteorological conditions change continuously. Wind speeds and directions bring
different emissions to a given receptor. Inversion heights change the level of dilution. Actinic
flux changes the rate of photo-oxidation of organic compounds. Humidity changes the OH
radical concentration and the water content of hygroscopic particles. Second, each source has its
pattern of emission depending on its activity level throughout the day. Thus a myriad
combination of meteorological and emissions characteristics result in the multidimensional, wide
ranging, and temporally dynamic character of particles and their co-pollutant gases observed in
the atmosphere. Third, capturing this involves real-time characterization of and sampling the
ambient particles, and then characterizing their pulmonary toxicity. We used our extensive
experience in all of these areas to design and deploy the source-oriented sampler.

Due to development of new instrumentation and methods to carry out this work,
schedules slipped many times, but in the end the work was carried out as promised in the original
proposal. Chapter 2 of this report is a paper published in Environmental Science and Technology
describing the sampling technique and field sampling results obtained from both seasons in
Fresno. Chapter 3 describes the sample extraction protocol employed. Briefly, many protocols
are available for extracting PM from filters and PUFs for toxicological and analytical studies, but
they all had artifacts that may skew toxicological results. We developed a much more thorough
extraction method that should better represent the material collected. In Chapter 4, we attribute
the source-oriented samples and their associated toxicity to the primary and secondary sources
observed in Fresno. Finally, Chapter 5 discusses the toxicity of the source-oriented samples in
normal mice.



References

Seagrave, JC, JD McDonald, JL Mauderly, In vitro versus in vivo exposure to combustion
emissions. Experimental and Toxicologic Pathology 57:233-238, 2005.

1-3



Chapter 2
Conditional Sampling for Source-Oriented Toxicological Studies using a Single Particle
Mass Spectrometer

*K.J. Bein®, Y. Zhao! and A.S. Wexler*#34
LAir Quality Research Center, 2Mechanical and Aeronautical Engineering, *Civil and
Environmental Engineering, and “Land, Air and Water Resources, University of
California Davis

Published as
Bein, K.J., Y. Zhao and A.S. Wexler, Conditional Sampling for Source-Oriented

Toxicological Studies using a Single Particle Mass Spectrometer. Environ. Sci. Technol.
43:9445-9452, 2009.

2-1



Abstract

Current particulate matter regulations control the mass concentration of particles in the
atmosphere regardless of composition, but some primary and/or secondary particulate
matter components are no doubt more or less toxic than others. Testing direct emissions
of pollutants from different sources neglects atmospheric transformations that may
increase or decrease their toxicity. This work describes a system that conditionally
samples particles from the atmosphere depending on the sources or source combinations
that predominate at the sampling site at a given time. A single particle mass spectrometer
(RSMS-I1), operating in the 70-150 nm particle diameter range, continuously provides
the chemical composition of individual particles. The mass spectra indicate which
sources are currently affecting the site. Ten ChemVol samplers are each assigned one
source or source combination and RSMS-II controls which one operates depending on the
sources or source combinations observed. By running this system for weeks at a time,
sufficient sample is collected by the ChemVols for comparative toxicological studies.
This paper describes the instrument and algorithmic design, implementation and first
results from operating this system in Fresno California during summer 2008 and winter
2009.



1. Introduction

Although air pollution regulations save the US economy billions of dollars per year, these
same regulations are costly to industry and consumers (1). One reason for the high cost is
that all sources of particulate matter (PM) are subject to controls regardless of their
relative toxicity. Epidemiological studies have implicated PM in increased morbidity and
mortality in many cities (2), which motivates the regulations. Although these types of
studies have also shown correlation between certain health effects and particular sources
(3), in many cases the literature lacks toxicological support. Efforts to understand the
relative toxicity of different sources of air pollution have been performed on direct
emissions from select sources, whereby the animals breathe the gases and particles,
individually or together (4). By design, these studies do not include inevitable
atmospheric processing and multi-source effects that may alter the toxicity of the inhaled
mixture. The relative toxicity of different sources may arise out of their atmospheric
processing, possibly in the form of secondary components or in other ways not yet
understood. Unfortunately, once the emissions have entered the atmosphere where they
mix, react and form secondary compounds, their source may be obscured so separating
them from each other is problematic. Single particle measurements in several US cities,
however, have indicated that on sufficiently short time scales parcels of air pollutants
associated with different sources are potentially separable (5-11).

Single particle mass spectrometers practical for the atmospheric science community were
introduced nearly 20 years ago (12, 13). These instruments analyze the chemical
composition and size of particles one-by-one in real time. The Rapid Single-ultrafine-
particle Mass Spectrometer family (RSMS-II and RSMS-111) analyze particles in the size
range from 30 nm to 1 um (14) and were deployed at the Atlanta, Houston, Baltimore
and Pittsburgh EPA Supersites (6, 8, 9, 11) . Measurements from all four cities revealed
that at most 3 different particle types, indicating three different sources, are observed at
the same time. Layered on these source-oriented particles are secondary components that
add to their chemical complexity, but relative amounts of such secondary material can
also be discerned by single particle analysis.

The technique described here uses RSMS-II to control a bank of ChemVols (15). By
taking advantage of the temporal patterns of PM observed in urban air sheds, each
ChemVol samples when particles from a unique source or source combination affect the
site, such that a sufficiently large sample is collected over the course of weeks that it can
be bulk analyzed and used for toxicological studies. This work presents the experimental
design and how it was implemented in summer 2008 and winter 2009 to collect
milligrams of source-oriented PM in Fresno, California.

2. Experimental Design

In this section, the basic constructs used to define the compositional state of the
atmosphere and to identify transitions between states are set forth, followed by a brief
description of the ChemVol sampling train. For the former, particle composition was the
sole metric employed and the output of RSMS-I11 was translated into a snapshot of the
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mixing state of the atmosphere using a multi-tiered cluster analysis. A brief description
of RSMS-11, which has been described elsewhere (9, 14), and details of how system
components were interfaced to achieve conditional sampling — including sampling
algorithms, runtime parameters and real-time data flow — are provided in Supporting
Information.

Data Constructs

Data clustering is common to many fields of study and has found widespread use in
single particle mass spectrometry due mainly to the size of the datasets and complexity of
the data (6, 16). The fundamental goal of clustering is to partition datasets into particle
classes, or subpopulations, based on the distribution of mass spectral peaks with the
understanding that different classes correspond to different particle compositions.
Particle composition is the most revealing signature of the source and history of particles
(5, 6, 8). Inthis sense, a particle class can be thought of as being synonymous with a
source and/or process. This is essential to any real-time estimate of the mixing state of
the atmosphere, in terms of source input and composition, and thus provides the impetus
for the work being presented here.

Rarely do continuous single particle observations reveal the same particle type, or class,
for any significant duration. Some exceptions include isolated events when a single
source impacts a site, typically driven by meteorological conditions such as wind or
nocturnal inversions (7, 10, 17). This is exacerbated, however, by the fact that even
single sources, or source categories, can emit multiple types of particles with different
compositional signatures, as well as the potential for secondary processing. As a result, it
is far more common that a mixture of particle types is observed in some alternating
succession such that responding to each particle observation in an attempt to
conditionally sample PM is an ineffective strategy. The approach adopted for the current
work is to search for mixtures, or combinations of particle classes, that appear with some
degree of consistency in relative proportions over a predefined time period.

In this effort, the concept of a particle class combination is introduced. Since RSMS-II
is a real-time instrument, single particle observations — each corresponding to a specific
particle class — are sequential. Analyzing this chronological sequence of classes over
sufficiently long periods reveals that certain combinations of classes frequently appear
together in repeatable proportions. Consider, for instance, the situation where a sampling
site is downwind of a freeway lined by restaurants with meat broilers so that both sources
are observed together in some proportion. This near coincident observation of particles
from different classes — i.e. different sources in this case — together is termed a class
combination. It is parcels of air associated with these class combinations that are
sampled by the ChemVols.

Mathematically, class combinations are represented by vectors where each dimension in
the vector corresponds to a different particle class and the magnitude of the dimension is
proportional to the relative number of times that class was observed in a given time
interval. As single particle mass spectra are acquired, they are assigned to a particle class.



At some point, the timestamp of the current single particle observation is used to go back
in time and compile all observations within a specified time interval. For this
subpopulation, the number of observations in each particle class is summed, the sum is
binned into its respective dimension in the class combination vector for this time period
and the resulting vector normalized, thus generating a unit class combination vector.

Going forward in time, a new class combination vector is constructed after a specified
number of particles, beginning with the last observation of the current class combination,
have been observed. The process is continuously reiterated to provide a rolling snapshot
of the mixing state of the atmosphere. In application, two parameters — the time interval
for constructing class combination vectors and the number of single particle observations
between successive class combination vectors — must be tuned with respect to the
underlying single particle analysis rate (or hit rate) to provide temporal overlap so that
transitions between states can be realized.

Executing this type of experiment is facilitated by a pre-study, where the single particle
instrument is deployed alone collecting data for several days to weeks to characterize the
mixing state of the air shed. Pre-study data are then analyzed to identify the dominant
particle classes and class combinations, which are subsequently used to make ChemVol
assignments and construct libraries prior to the actual collection of source-oriented PM.
A description of the pre-study analysis is given in Supporting Information.

ChemVol Sampling Train

ChemVol samplers were developed more than 6 years ago to collect ambient, size-
resolved PM (15). They are impactor-based samplers with annular slots, where the width
of the slot, in part, determines the range of particle diameters transmitted through the
stage. Impactor stages are available for a range of size cuts and operate at 900 Ipm for
large volume sampling. For efficiency of notation, ChemVol stages will be referred to by
particle diameter, with the understanding that the 50% cutoff diameter of the impactor
stage is being referenced.

The ChemVols used in this study were obtained from Harvard University. The original
characterization of the 0.1 um stage (15) was retested using a more robust procedure,
revealing that the value for the 50% cut-point diameter is actually 0.17 um (P. Koutrakis,
personal communication 2008).

Since the goal of the current study was to investigate the relative toxicity of fine and
ultrafine source-oriented PM, coarser particles were removed using 2.5 um and 1 um
stages. The subsequent 0.17 um stage collected what will be termed submicron fine PM
—that is, particles with diameters nominally between 0.17 and 1 um — while an afterfilter
collected particles smaller than 0.17 um in diameter, referred to here as ultrafine PM.

The ChemVol sampling train is detailed in Supporting Information so only a brief

overview is provided here. Following the air flow, the basic components include: (a)
sampling stack, (b) bank of ten ChemVol stacks, where each stack includes an afterfilter
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support and 0.17 and 1 um stages, (c) solenoid valves attached to each afterfilter support
and (d) blower assembly. ChemVol stacks are connected together via upstream and
downstream manifolds. The solenoid valves are controlled by the algorithm detailed in
Supporting Information and determine which stack is sampling at a given time.

3. Results and Discussion

The summer 2008 and winter 2009 experiments, both consisting of a pre-study followed
by ChemVol sampling, were conducted in the rear parking lot of the UC Center in
Fresno, CA. All single particle results are presented together in this section with an
emphasis on system performance, proof of concept and sources of uncertainty. A robust
treatment of source attribution, atmospheric composition and air quality dynamics in the
Fresno air shed is outside the scope of this paper.

Metadata

Several adjustments were made to the algorithms and runtime parameters prior to winter
2009 based on knowledge gained during summer 2008. Furthermore, the sampling
strategy was modified to accommodate seasonal effects on atmospheric composition and
the performance of the single particle mass spectrometer. These differences will be
addressed below. The different runtime parameters and metadata for the two experiments
are given in Tables S1 and S2, Supporting Information, respectively. The distribution of
single particle observations among the particle classes constructed based on the pre-study
data are shown in Figure 2-1.

For summer 2008, the classification scheme was straightforward and particle classes were
constructed based on the constituents consistently observed together in individual
particles, thus representing different sources and degrees of atmospheric processing.
There was a shift in the distribution of particle observations during ChemVol sampling
relative to the pre-study, which was due to the effects of seasonal changes (see Figure 2-
1). During winter 2009, however, the classification was designed to separate particles
based on the relative amounts of primary versus secondary components and the nature of
the carbon content. Also, there was very little shift in the distribution of particle
observations during ChemVol sampling relative to the pre-study. The winter particle
classes are described below:

e MsC — particles with small metal seeds and large amounts of carbonaceous
material, where the presence of a primary metal seed indicates that the carbon
condensed and thus is organic in nature.

e CAN - carbonaceous ammonium nitrate, where there are no primary metal seeds,
indicating the presence of soot in the absence of nucleation, and the carbon to
nitrate signal ratio falls in the 0.5-3 range.

e EC - elemental carbon, or soot, with very little evidence of any organic carbon

e MCAN - primary metal particles with various amounts of organic carbon and
ammonium nitrate, where the distribution of ion signal among the constituents is,
on average, about equal.

e PMP — primary metal particles having no traces of any secondary components.
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e Carbon - particles composed entirely of carbonaceous material; no metal seeds
or ammonium nitrate and the ratio of EC to OC is unknown.

Analyses of the particle classes observed in the pre-studies resulted in seven separate
ChemVol assignments for summer 2008 and six for winter 2009, referenced as
ChemVols 1-7 and 1-6. The actual class combinations associated with each ChemVol are
shown in the following section and were selected based on: (1) the temporal distribution
and frequency of observation, (2) the amount of sampling time required to collect the
target mass for toxicological studies and (3) the significance of differences between class
combinations. For both experiments, ChemVol 10 (termed the auxiliary ChemVol) was
used when the composition of the atmosphere was unknown (see Supporting
Information) and ChemVol 9 was used during RSMS downtime; i.e. it was timed to
capture the contents of the mixed layer, sampling daily from ~ 09:00-17:00 local time.
ChemVol 8 was not used during summer but was timed to correlate with morning rush
hour traffic during winter, sampling daily from 06:00-09:00 during RSMS downtime.
ChemVol 7 was only used towards the end of the winter experiment and sampled daily
from 17:00-20:00.

For each ChemVol and experiment, single particle statistics and gravimetric analysis are
provided in Table S3 and SMPS data in Table S4, Supporting Information. Results are
summarized as follows: (a) not including the auxiliary and timed ChemVols, the majority
of sampling was through ChemVols 1 and 2 during summer and more evenly distributed
during winter, (b) particles and class combinations were analyzed at an average rate of
one every 20 £ 2 and 90 * 20 seconds, respectively, for summer and 3.8 + 0.9 and 12 £ 2
seconds for winter, (c) mass collection rates scale approximately linearly to 1/3 milligram
per hour at a concentration of 6 ug/m°, e.g. 1/3 mg in 2 hours at 3 pg/m?®, (d) during
summer, sampling was marginal for ChemVols 3 and 4 and poor for 5 and 7 due to the
effect of seasonal changes on atmospheric composition, (e) with the exception of the
timed ChemVols, the average number distributions (dN/dlogD,) were similar in form
with a leading shoulder at ~ 30-40 nm and a dominant mode at ~ 70-90 nm, (f) ultrafine
number concentrations were a factor of ~ 2-3 times greater in winter than summer, owing
to the disparities in the analysis rates of comment b, as well as the ultrafine mass
collection rates, (g) for winter, ultrafine number concentrations were roughly a factor of 3
lower for ChemVols 8 and 9 due to the effects of boundary layer dynamics, and (h) the
SMPS estimates of collected PM mass are surprisingly accurate for winter with an
average measure-to-estimate ratio of 1.1 + 0.3 over all ChemVol stages.

Fidelity

This section addresses the fidelity and accuracy of the ChemVol sampling algorithms in
replicating the class combinations constructed from the pre-study data and clustering the
single particle observations according to the pre-study classification. Figures 2 and 3
show side-by-side comparisons of the pre-study pooled within-cluster average class
combination vectors and the ChemVol-composite class combination vectors for summer
and winter, respectively. The latter were constructed post-experiment by compiling
particle observations by ChemVol sampling interval, summing and binning by particle



class dimension over all sampling intervals independently for each ChemVol and then
normalizing.

ChemVols 1, 2 and 6 from summer and all ChemVols from winter are in good accord
with the pre-study data. Accuracy decreases for summer ChemVols 3,4 and 7 due to a
shift in the atmospheric composition and the lower class combination similarity threshold
used during summer. For example, the relative shift in the distribution of EC, K and
CAN particles from the pre-study to ChemVol sampling (Figure 2-1) is evident in an
altered ChemVol 3 mixture (Figure 2-2). Class combinations with larger K and CAN
contributions still satisfied the similarity threshold and thus diluted the EC factor.
Similarly, the relative drop in EC/OC particles is apparent in the loss of this factor from
the ChemVol 4 mixture. This was remedied during winter by increasing the similarity
threshold, along with greater temporal stability in the particle class distribution.

Dot products are used to compare the spectrum vectors and class combination vectors
observed during ChemVol sampling to those in the cluster and class combination
libraries. Since all vectors are normalized, perfect agreement gives a dot product of one.
The comparisons are summarized in Tables 2-1 and 2-2 for summer and winter,
respectively. Only the top 7 particle classes, accounting for 94% of the single particle
observations, are shown for summer. In all cases, intra-matrix trends reveal maxima
along the diagonal and minima for off -diagonal averages and vice versa for standard
deviations, indicating: (a) a high degree of intra-cluster similarity with little spread, i.e.
accurate and dense clusters, and (b) low inter-cluster similarities with large spread, i.e.
widely distributed and dissimilar particle classes and class combinations.

The apparent inter-matrix variation in the relative difference between the diagonal and
off-diagonal values, as well as the absolute magnitudes, must be interpreted with caution
since the dot product is not invariant under a change in data dimensionality;
cluster/spectrum vectors have 256 dimensions while summer and winter class
combination vectors had 12 and 6, respectively. In general, the spread in the intra-dataset
distribution of dot products increases with increasing dimensionality since there is more
opportunity for two data points to be different. Statistically, increasing the number of
independent random variables in a system decreases the probability that any two
realizations of the variables will be similar, thereby increasing the probability of
dissimilarity, as well as the spread in the distribution of dissimilarity. Therefore, inter-
matrix variations in Tables 1 and 2 can be misleading about the relative degree of
similarity or dissimilarity between the various particle classes and class combinations
from one dataset to the next.

Heterogeneity and Temporal Stability

Spatiotemporal heterogeneity in the mixing state of the Fresno air shed is now explored
by considering the frequency and duration of different composition mixture observations.
The metric used is the cumulative fraction of total ChemVol sampling time as a function
of the number of successive class combination observations per sampling interval, with
the understanding that greater numbers of successive observations generally indicate



greater temporal stability in the observed mixture. Figure 2-4 shows these data for
various ChemVols from summer and winter highlighting the spread in the observed
trends.

During summer, sampling largely alternated between ChemVols 1 and 2 — which
represent essentially orthogonal class combinations (Figure 2-2) — and individual
sampling intervals were long in duration with large numbers of successive class
combination observations. For example, approximately 10% of the ChemVol 2 mass was
collected in a single sampling interval lasting 2.9 hours and consisting of 678 consecutive
class combination observations. Similar numbers exist for ChemVol 1. Other mixtures
like ChemVols 3 and 4, however, were observed far less frequently and for shorter
intervals with very few successive observations. Slightly higher stability was observed
for ChemVol 6. In total, these data suggest small pockets, or filaments, of compositional
heterogeneity in an otherwise relatively homogenous mixture that alternates between two
states dominated by very different single particle compositions.

The situation was significantly different during winter. Although there was still an order
of prevalence in the observation of different ChemVol mixtures (shown in decreasing
order in Figure 2-4), the frequency and duration were more evenly spread over all
ChemVols with moderate numbers of successive class combination observations. These
trends indicate an atmospheric patchwork of partially mixed air masses under a nocturnal
inversion that are slowly transitioning to background homogeneity but still maintain
some degree of source integrity so that transient periods of unique mixture are observed
as they are advected past the site.

Expansion in application to more accommodating air sheds is a key area of interest in the
advancement of this technique. Fresno is perhaps one of the more challenging test sites
given the general absence of large point sources and relatively stagnant meteorological
conditions. Other urban areas, particularly in the eastern U.S., encompass large and
varied point sources and winds are often highly directional, thereby facilitating the
collection of source-oriented PM. Therefore, the degree of success achieved in Fresno is
very encouraging in terms of accomplishing the same in other major urban areas.

Boundary Condition Uncertainties

Sampling uncertainties are associated with the conditions that trigger ChemVol switching
at the temporal boundaries of individual sampling intervals. Given a certain ChemVol
sampling interval, there are three ways to trigger a switch, either to another ChemVol or
to the auxiliary ChemVol. The first occurs when too much time has elapsed between
successive single particle observations and is termed a timeout. In this case, the system
triggers the auxiliary ChemVol and the time elapsed, or mass sampled, between the last
observation and the trigger represents a potential source of uncertainty. Timeouts result
from low number concentrations so mass sampling rates are lowest during these periods,
helping minimize potential contamination of the ChemVol mixture.



The latter two, however, deal with transitions in mixing state; i.e. the transition from one
ChemVol mixture to another. During this process, the evolving class combination falls
below the similarity threshold of the current ChemVol, remains in an intermediate state
for some period, and then passes the similarity threshold of a different ChemVol. Since
transitions can occur rapidly, it is possible the entire process takes place between
successive class combination observations, triggering a direct ChemVol-to-ChemVol
switch without first passing through the auxiliary ChemVol. In this case, the time
interval between successive observations is a potential source of uncertainty for both
ChemVols. For the target ChemVol, this can be avoided — as was done during winter —
by requiring at least two successive observations of the associated class combination
before triggering the switch, forcing all transitions through the auxiliary ChemVol.
Although this minimizes uncertainty for the destination ChemVol, it does not do so for
the source ChemVol. Exactly analogous to the case where the similarity violation is
directly observed and the auxiliary ChemVol instantly triggered, the potential uncertainty
is the time interval, or mass sampled, from the most recent class combination observation
to the actual particle that caused the violation.

As alluded to above, sampling uncertainties can be interpreted from the perspective of
mass sampled or sampling time; i.e. the ratio of mass sampled during periods of
uncertainty to the total mass sampled by each ChemVol, or the fraction of total sampling
time associated with periods of uncertainty. Although estimating mass is straightforward
using SMPS data, it is not clear what fraction of that mass, if any, actually contaminates
the ChemVol mixture. The situation is further complicated by the fact that mixture
contaminating particles from one sampling interval can partially offset the effect of those
from another sampling interval so overall uncertainty is not a superposition of the
individual intervals. In this sense, and from a single particle perspective, analysis of
transition uncertainties is pointless since the ChemVol-composite class combination
vectors shown in Figures 2 and 3, which include all particle observations, are the most
accurate depictions available for the true ChemVol contents. Discrepancies with the pre-
study data, although possibly transition related, are collectively interpreted as an indicator
of sampling, or clustering, accuracy.

Therefore, sampling time — interpreted as relating to single particle analysis rather than
mass sampled and thus consistent with experimental design — is the more appropriate
uncertainty metric. More specifically, the time period at the end of each sampling
interval between the last single particle observation and the ChemVol trigger relative to
the single particle analysis rate. Summing over all sampling intervals and dividing by
total sampling time independently for each ChemVol, uncertainty estimates are provided
below in the following format: ChemVol # (percent uncertainty).

e Summer 2008: 1(6.9); 2(6.6); 3(14.8); 4(15.2); 5(13.4); 6(8.8); 7(15.0)

e Winter 2009: 1(4.9); 2(9.7); 3(11.1); 4(5.9); 5(9.2); 6(7.9)
The average percent uncertainty across all ChemVols is 12 + 4% and 8 + 2% for summer
and winter, respectively. These numbers are measurement uncertainties, not error
estimates of the ChemVol contents
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Finally, it is important to understand that this experiment is not based on the true
composition of the atmosphere, but rather on single particle mass spectral observations of
the atmosphere. The question remains whether this realization, including its uncertainties
and inaccuracies, is sufficient to elicit relative differences in toxicology based on the data
constructs used to define different atmospheric composition mixtures and the precision of
current toxicological techniques. There is certainly a large gap between estimating the
relative influence of different sources and atmospheric processes and robustly measuring
precise atmospheric composition. The motivation here is simply to use the technology
available to begin separating out different components of atmospheric mixtures as best as
possible with an underlying objective of narrowing in on the validity of the source-
oriented relative toxicity hypothesis, which if true could redefine the way air pollution is
regulated to protect human health.
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Table 2-1. Average dot product matrices comparing the spectrum vectors (top) and class combination vectors (bottom) observed
during ChemVol sampling (horizontal) to the vectors in the cluster and class combination libraries constructed from the pre-study data

(vertical) for the summer 2008 experiment.

Pre-study ChemVol Sampling (average dot product + 1 standard deviation)
Class EC K CAN EC/OC Na/K K/C Ca/C
EC 0.93+0.06 | 0.23+0.06 | 0.26+0.08 | 0.27+0.08 | 0.27+0.1 0.4+0.1 0.32+0.06
K 02+0.1 093+004 | 02+01 |0273+0.09 | 02+0.1 0.3+0.1 0.2+0.1
CAN 0.26+0.09 | 0.25+0.09 | 0.92+0.05 | 0.234+0.09 | 03+0.2 0.3+0.1 0.3£0.2
EC/OC 0.4£0.2 0.31+0.06 | 0.32+0.08 | 0.90+0.04 | 0.33+0.08 | 0.6+0.1 0.28 + 0.06
Na/K 0.30+0.08 | 0.26+0.05 | 0.31+0.06 | 0.25+0.08 | 0.96+0.03 | 04+0.1 0.42 +0.04
K/C 0.4£0.1 0.27 £0.07 03+01 | 042008 | 03+01 0.95+0.03 | 0.27+0.08
Ca/C 0.3+0.1 0.29+0.06 | 0.34+0.06 | 0.24+0.07 0.5+0.1 0.35+0.09 | 0.93+0.04
ChemVol 1 2 3 4 5 6 7
1 0.86+0.06 | 05+0.2 0.3+0.1 052+0.09 | 04+0.2 0.39+0.07 0.4+0.1
2 0.3+0.1 0.83+0.05 | 02+0.1 0.56 + 0.07 0.3+0.1 0.3£0.1 0.4+0.1
3 044+0.08 | 0.6+0.1 0.88+0.06 | 047+0.09 | 0.72+0.09 | 0.46+0.06 | 0.6+0.1
4 0.4+0.1 0.6+0.2 0.4+0.1 0.78+£0.08 | 05+0.2 0.3+0.1 0.4+0.1
5 0.42+0.09 | 060.1 0.59+0.06 | 0.65+0.09 | 0.83+0.06 | 0.44+0.08 | 0.6+0.1
6 0.4+0.1 0.4+0.1 0.3+0.1 05+0.1 0.3+0.1 0.80+0.08 | 04+0.1
7 0.38+0.09 | 05%0.2 0.3+0.2 0.4+0.1 0.4+0.2 0.3+0.1 0.73+0.08
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Table 2-2. Average dot product matrices comparing the spectrum vectors (top) and class
combination vectors (bottom) observed during ChemVol sampling (horizontal) to the

vectors in the cluster and class combination libraries constructed from the pre-study data
(vertical) for the winter 2009 experiment.

Pre-study ChemVol Sampling (average + 1 standard deviation)
Class MsC CAN EC MCAN PMP Carbon
MsC 0.98+0.01 | 043+0.05 | 0.61+0.04 | 054+0.03 | 0.12+0.03 | 0.19+0.05
CAN 0.43+0.05 | 0.98+0.02 05+0.1 0.52+0.07 | 0.13+0.03 | 0.17+0.05
EC 0.61+0.04 | 0.38+0.05 | 0.98+0.02 | 052+0.03 | 0.12+0.04 | 0.17+0.08
MCAN 0544003 | 04zx0.1 0.60+0.09 | 0.98+0.02 | 021+0.06 | 0.4%0.2
PMP 0124003 | 01%01 0.35+0.07 | 0.31+0.07 | 0.98+0.02 | 05%0.2
Carbon 0.19+0.05 | 043+0.06 | 059+0.04 | 052+0.03 | 0.11+0.02 | 0.99 +0.01
ChemVol 1 2 3 4 5 6
1 093+0.03 | 0702 05+0.1 0.7+0.2 05+0.1 0.71+0.08
2 0.6+0.1 093+0.03 | 04+0.1 05+0.2 0.47+£007 | 05%0.
3 0.6+ 0.2 0.6+0.2 093+0.03 | 0502 04+0.1 06+0.1
4 0.66+0.09 | 05+0.1 0.44+0.09 | 0.94+0.03 | 046+0.06 | 0.4+0.1
5 0.6+0.1 0.7£0.2 05+0.1 0.6+0.2 0.93+0.03 | 05+0.1
6 0.72+0.08 | 05%0.2 05+0.1 05+0.1 0.4+0.1 0.93+0.04
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Figure Captions

2-1. The distribution of single particle observations among the particle classes
constructed based on the pre-study analysis for both the pre-study and ChemVol
sampling periods of the summer 2008 and winter 2009 experiments. For the summer
2008 experiment, particle classes are labeled by their single particle constituents, where
EC stands for elemental carbon, OC is organic carbon, AN is ammonium nitrate, and C is
shorthand notation for EC/OC when observed together with other components such as
metals and AN. See the text for a description of the winter 2009 particle classes.

2-2. Side-by-side comparisons of the pre-study pooled within-cluster average class
combination vectors (£ 1 standard deviation) and the ChemVol-composite vectors for the
summer 2008 experiment. The dot products (DP) between the two vectors are listed.

2-3. Side-by-side comparisons of the pre-study pooled within-cluster average class
combination vectors (£ 1 standard deviation) and the ChemVol-composite vectors for the
winter 2009 experiment. The dot products (DP) between the two vectors are listed.

2-4. The cumulative fraction of total sampling time (y-axis) as a function of the number
of successive class combination observations per sampling interval (x-axis) for select
ChemVols from the summer 2008 (S°08) and winter 2009 (W’09) experiments. Note that
each figure uses a different x-axis scaling.
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Figure 2-1. The distribution of single particle observations among the particle classes
constructed based on the pre-study analysis for both the pre-study and ChemVol
sampling periods of the summer 2008 and winter 2009 experiments. For the summer
2008 experiment, particle classes are labeled by their single particle constituents, where
EC stands for elemental carbon, OC is organic carbon, AN is ammonium nitrate, and C is
shorthand notation for EC/OC when observed together with other components such as
metals and AN. See the text for a description of the winter 2009 particle classes.
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Figure 2-2. Side-by-side comparisons of the pre-study pooled within-cluster average

class combination vectors (£ 1 standard deviation) and the ChemVol-composite vectors

for the summer 2008 experiment. The dot products (DP) between the two vectors are

listed.
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Figure 2-4. The cumulative fraction of total sampling time (y-axis) as a function of the
number of successive class combination observations per sampling interval (x-axis) for
select ChemVols from the summer 2008 (S°08) and winter 2009 (W’09) experiments.
Note that each figure uses a different x-axis scaling.
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1. Rapid Single-ultrafine-particle Mass Spectrometer (RSMS)

A Dbrief description of RSMS-I11 follows. Air is drawn into a Nafion drier where water is
removed from the air and particles. The particle stream enters a 10 position valve that
directs the stream to one of 9 critical orifices (position 10 is off). Each critical orifice
limits mass flow into a chamber controlling the pressure. The particle stream exits this
chamber through a second critical orifice that focuses particles near one size to a beam,
where the vacuum aerodynamic diameter (Dy,) of the focused particles depends on the
upstream pressure. The beam then passes through a series of skimmers that remove the
gas before the particles enter the source region of a linear time-of-flight mass
spectrometer. Co-linear and counter-propagating with the particle beam is a pulsed
excimer laser beam operating at 193 nm, firing at 50 Hz and tuned to provide about 5-10
mJ per pulse. The mass spectrometer has been designed so that the source region is about
4 cm in the direction of the laser and particle beams. If a particle is in the source region
when the laser fires, then it is ablated and ionized. Positive ions are analyzed by the mass
spectrometer. For the experiments described here, RSMS-II was set to only sample
particles with D, in the 70-150 nm range. A picture of the instrument housed inside the
onsite mobile trailer is shown in Figure S1.

2. Pre-study Analyses

A schematic of the pre-study analysis is shown in Figure S2 and a general description
follows. All single particle mass spectra are time-to-mass calibrated, integrated to obtain
a binned ion current for each integer m/z value and normalized according to a Euclidian
norm, resulting in what will be referred to as spectrum vectors. The spectrum vectors are
clustered using an agglomerative hierarchical algorithm with the dot product as the
similarity metric. The threshold for group membership is kept high to ensure
homogeneous clusters since this step is largely aimed at data reduction. Clusters are
represented by the pooled within-cluster average vector, which is continuously updated
and renormalized as spectra are added or removed from the cluster. The algorithm is
iterative and randomly loops through the full dataset until the number of spectra
switching clusters between successive iterations drops to zero. A problem with these
types of algorithms, besides their inconsistency, is that the inter-cluster distances can be
quite small, smaller than the threshold used to define group membership. To correct for
this, the cluster vectors from an initial pass are themselves clustered in subsequent passes
through the algorithm using the same threshold until the number of cluster mergers drops
to zero.

The final clusters are inspected manually and assigned a composition based on their mass
spectral peaks. During this process, the pooled within-cluster average and standard
deviation of the full mass spectra are used, rather than the unit-mass integrated spectra,
since they contain important details for making accurate peak assignments that are
obscured by integration. Analyses of standard deviations are included to identify
potential instances of cluster contamination by trace components that, however small,
may be important differentiating factors for source attribution.
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Particle classes are constructed manually by merging clusters. This satisfies a number of
goals related to the toxicological endpoints. Examples include: (a) merging clusters of
different composition but of known similar origin to produce classes representative of a
particular source or source category, (b) building classes based on the relative amounts of
primary versus secondary components, and (c) isolating a specific constituent, such as
carbon or metals, and creating classes based on the presence, absence and/or chemical
form of that constituent. As a result, individual classes can be composed of multiple
clusters and all intra-class clusters are included in the library. Libraries are simply
databases containing the vector representations of the pre-study particle classes and class
combinations and are integral to real-time data flow, and thus system response, during
ChemVol sampling. For example, spectrum vectors are compared to cluster vectors in
the cluster library to determine their particle class assignment.

Using the timestamps of the individual mass spectra, a chronological sequence of classes
is assembled by which the class combination vectors are constructed. The following
parameters are important thresholds to consider and define before proceeding: (1) the
time interval for constructing class combination vectors, (2) the number of single particle
observations between successive class combination vectors, (3) the minimum number of
single particle observations required for each class combination vector and (4) the
maximum time allowed between successive particle observations.

Class combination vectors are then clustered using the same algorithm and procedures
discussed above to obtain class combination clusters. ChemVol assignments are created
from the class combination clusters according, again, to the insight, or ultimate goal, of
the investigator. Similar to particle classes, individual ChemVols can be defined by
multiple class combinations but it is the class combination cluster vectors that comprise
the library and all intra-ChemVol class combinations are assigned the same ChemVol
number. Ideally, the ChemVol assignments would be mutually orthogonal, but the
occurrence and prevalence of mass spectra in Fresno frequently hampered achievement
of this goal.

As a final step, the temporal variability in the hit rate of the single particle instrument is
analyzed to determine the best times of day to collect PM, with the understanding that
periods of low hit rate disproportionately increase the statistical uncertainty of the
ChemVol sampling accuracy. Therefore, higher hit rate periods are more desirable. A
natural split here coincides with the diurnal pattern of the boundary layer; higher
concentrations, and thus higher hit rates, under a nocturnal inversion and vice versa for a
fully developed mixed layer. Additional benefits of this division include: (a) Different
class combinations enhanced in particular sources, or particle classes, are more common,
and show greater temporal consistency, under a nocturnal inversion due to increased
atmospheric stability. Conversely, daytime turbulent mixing in Fresno tends to inhibit
not only the ability to isolate distinguishably different class combinations, but also the
frequency and duration for which such class combinations are observed. (b) The single
particle instrument can be turned off during low hit rate periods to reduce wear. (c) While
the instrument is off, ChemVols can be assigned to specific time intervals associated with
sources, or source categories, known to preferentially emit at particular times of day, e.g.
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morning and evening rush hour traffic, cooking, or residential heating. Conditional
sampling based on the temporal variability in the relative prevalence of different sources
is an entirely different, but complementary, concept and was exploited in a limited
capacity during the current work; e.g., see the description of winter ChemVols 7-9 in the
Results and Discussion section.

3. Real-time Data Flow

Figure S3 depicts a schematic of real-time data flow during ChemVol sampling,
beginning with data acquisition and ending at the hardware interface controlling the
ChemVol sampling train. A description of the various stages, in the order drawn, is given
below.

The output signal from the mass spectrometer is digitized using a dual-channel 8-bit
digitizer at a sampling rate of 500 MHz per channel (Acqiris DP235). Simultaneous
high- and low-sensitivity digitization is achieved via dual-channel mode by offset, but
overlapping, vertical settings with the objective of optimizing dynamic range. Time
delay and sample size are set to scan an m/z range of ~ 5-250 Da.

The ablation/ionization laser is free-fired and provides the trigger for data acquisition so
the output of the digitizer must be monitored continuously to differentiate valid single
particle mass spectra from background noise. Data validation is accomplished using a
composite height-width threshold to check for peaks in each post-trigger scan. Peak
width is defined as the number of consecutive samples above a certain height. These
parameters are set prior to each experiment, fine-tuned during the pre-study, and then
monitored throughout ChemVol sampling. The accuracy of this step is important given
the real-time nature of the experiment. Both missed and false observations can alter the
class combination vectors and thus reduce sampling accuracy.

For each true particle hit, the high- and low-sensitivity data are combined, where the
high-sensitivity is default but augmented by the low-sensitivity when saturated. This
allows for high vertical resolution at the minimum detection limit while still capturing
full peak heights. The combined data is then time-to-mass calibrated via an iterative
Estimation-Maximization (EM) algorithm.

Although the calibration equation is quite simple, the calibration “constants” are actually
normally distributed variables, which translate directly to the probability of the position
of the vaporized particle, relative to the center of the laser beam, at the point of
ionization. As a result, using a single set of values will result in mis-calibrated mass
spectra, where the degree of mis-calibration increases with increasing m/z due to the
functionality of the calibration equation. For example, the relative position of a peak
using average calibration constants versus the average plus one standard deviation can be
off by 1-2 Da in the 30-90 Da range, where a large majority of the chemical information
resides. This can significantly impact the accuracy of clustering and, subsequently,
sampling. Therefore, it is necessary to implement an algorithm — the details and
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performance of which will be published elsewhere — to handle the variability. A brief
description follows.

The overlying objective exploited by the EM algorithm is that during peak integration the
sums are binned at integer m/z values to facilitate data clustering. To this effect, an initial
estimate of the calibration constants is provided, peaks are assigned to the nearest integer
m/z, and the calibration constants subsequently varied to maximize the integrated ion
signal for a small m/z interval (£ 0.25 Da) centered about the integers. Starting with
peaks at the beginning of the mass spectrum, for which the potential calibration errors are
smallest, the algorithm progressively scans for peaks at larger m/z and reiterates the EM
step as they are located. Calibration constants from the previous iteration provide
estimates for the current iteration and all previous m/z assignments are held constant
during successive maximizations. In application, the average calibration constants from
analysis of the pre-study data are used as the initial estimates for each mass spectrum
during ChemVol sampling since they are most probable and thus minimize search time.

Following calibration, each mass spectrum is noise corrected, integrated and normalized
according to a Euclidian norm to obtain a spectrum vector (S ). Using the dot product,
the spectrum vector is compared to each of the cluster vectors (C ) in the cluster library
and assigned the class number of its most similar partner given the similarity condition is
satisfied. If the threshold condition is not met, then the spectrum vector is passed to the
outlier cluster library.

The outlier cluster library is a real-time construct specifically designed to (a) allow
particle types not observed during the pre-study to be realized and incorporated and (b)
provide additional safeguard against any potential false or mis-calibrated data. Similar in
progression to the first iteration of a hierarchical clustering algorithm, if the outlier
cluster library is empty or the spectrum vector is not sufficiently similar to any of the
existing outlier clusters, then a new cluster is created and added to the library. Outlier
clusters are represented by pooled within-cluster average vectors, termed outlier cluster

vectors (O, ), which are continuously updated and renormalized as new members are

added. Once group membership exceeds a specified threshold, the outlier cluster is
removed and added as a new particle class to the cluster library. The dimensionality of
the class combination vectors is then augmented to accommodate the new particle type.

As particle observations accumulate, the response of the system is determined by
comparing the following parameters, which are continuously monitored, to specified
thresholds: the number of particle observations and time elapsed since the last class
combination observation; the time elapsed between successive particle observations; the
number of successive outlier observations. The first two parameters determine when and
how to construct new class combination vectors in a manner identical to that described in
the Data Constructs section. The latter two, however, originate out of a necessity to limit
potential sources of uncertainty in sampling accuracy.

It is convenient at this point to introduce the concept of an auxiliary ChemVol. That is, a
ChemVol not assigned a particular class combination but rather reserved solely for those
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important instances when the composition of the atmosphere is unknown, or less certain.
Examples include: (a) too much time elapsed between successive particle observations,
(b) too many successive outlier observations, or (c) too few particle observations within
the specified time interval for constructing class combination vectors. In these cases, the
system switches to the auxiliary ChemVol, if not already activated, to minimize the
possibility of ChemVol contamination; i.e. dilution by PM of uncertain mixture.

Data handling routines for class combination vectors are exactly analogous to those
described previously for spectrum vectors. Each newly constructed class combination
vector is compared to all entities in the class combination library and assigned the
ChemVol number of its most similar partner given they are sufficiently similar. If the
similarity condition is not satisfied, then the vector is passed to the outlier class
combination library. In this case, tracking outliers serves only in its capacity to identify
class combinations not observed during the pre-study and thus is strictly contingent upon
the availability of free ChemVols to which outlier clusters that have satisfied the
observational threshold can be assigned. Regardless, all outlier observations instantly
activate the auxiliary ChemVol.

An additional condition has been inserted at this stage of the process that, with the
exception of the auxiliary ChemVol, delays ChemVol triggering until the number of
successive observations of the associated class combination(s) has satisfied some
threshold. If the threshold is greater than one, then any two successive observations
associated with different ChemVols immediately triggers the auxiliary ChemVol, which
remains activated until the threshold condition is met. The purpose here is to minimize
potential boundary condition uncertainties when switching between ChemVols.

In terms of hardware interfacing, ChemVol numbers are converted to an unsigned 16-bit
integer that determines the on/off sequencing of a 16-channel relay output board (Omega
Engineering Inc., OME-DB-16R). Following a software ChemVol trigger, the bit data is
transmitted via a 32-channel ADC and DIO board (Omega Engineering Inc., OME-PCI-
1002L) to the relay board, which then switches a single 120 VAC power input from the
normally-closed solenoid valve of the current ChemVol to that of the triggered ChemVol.

4. ChemVol Sampling Train

A schematic of the ChemVol sampling train is depicted in Figure S4 and pictures of it
housed inside the onsite mobile trailer are shown in Figure S5. Design modifications
were made to the sampling train prior to the winter 2009 experiment due to knowledge
acquired during the summer 2008 campaign. Accordingly, the discussions that follow
focus on the most recent design and changes are noted for clarity when appropriate.

Following the schematic, ambient air was drawn into an 8” diameter stack situated on top
of the onsite mobile trailer and extending 7.3 m above ground level. A rain cap
prevented bulk precipitation entering the stack, a fine mesh screen filtered very coarse
material (bugs and leaves), and condensing water vapor was trapped at the bottom of the
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stack. Using 8” diameter galvanized steel erector-set ducting (Kirk & Blum Duct,
Greensboro, NC), the sampling stack was plumbed across the trailer roof and through the
wall to the ChemVol manifold, which houses 10 separate ChemVol stacks. Each
ChemVol stack includes an afterfilter support and 0.17 and 1 um stages. A single 2.5 um
stage was placed upstream of the ChemVol manifold. During the summer 2008
experiments, however, each ChemVol stack consisted solely of a 0.17 um stage and
afterfilter support, and a single 1.0 um stage was placed immediately downstream of the
2.5 um stage. Borosilicate glass fiber filters (Pall Corporation, TX40H120WW-8X10)
were used in the afterfilter supports and polyurethane foam (PUF) impactor substrates
were used in all 0.17, 1 and 2.5 um ChemVol stages (Thermo Environmental Instruments
Inc., 59-007954-0010; 59-007953-0010).

Flow straighteners were inserted ~ 8” upstream of each ChemVol stack in the vertical
ducting connecting manifold to ChemVol and consisted of 3 concentric cylinders 77 in
length, separated in diameter by 2” and supported to each other and the outer manifold
via pop-riveted Z-channel. The valve assembly attached to the bottom of each afterfilter
support included high-flow quick-disconnect hose couplings (McMaster-Carr Supply Co.,
6537K95, 6537K77) followed by a 3” brass nipple and then a 1” orifice direct-acting,
normally-closed solenoid valve (Omega Engineering Inc., SV225). All valves were
plumbed to a single manifold via 1” PVC pipe. Inserted downstream of the valve
manifold and connected by brass unions was an industrial-scale inline thermal mass flow
transmitter (Kurz Instruments Inc., 534FT-16A) for monitoring flow rate. At the outlet of
the flow meter was a 2-to-1 reducing coupling connected to 2” steel pipe leading out the
trailer floor, followed by 20’ of 2” EPDM double-reinforced suction hose (McMaster-
Carr Supply Co., 5294K795) attached via locking cam-and-groove hose couplings to the
inlet of the blower assembly and serving as a vacuum reservoir. Pressure transducers
(Omega Engineering Inc., PX209) were placed in the center of the ChemVol manifold
and immediately upstream of the flow meter to monitor pressure drop across the system.

Collectively, the blower assembly had to satisfy the following requirements: (1) operable
using standard residential single phase 220 VAC power with 30 A breaker, (2) capable of
pumping 900 Ipm across an 11” Hg pressure drop, (3) equipped with flow rate control via
PID set-point using feedback loop with analog output of flow meter, (4) remotely
controllable, (5) deployable outdoors during all seasons, and (6) outfitted with multiple
safety mechanisms protecting blower motor. This was accomplished through the
combination of a 3-phase oil-less regenerative blower (Gast Manufacturing Inc.,
R4H3060A-1) and variable frequency AC drive (VFD) with PID control loops (ABB,
ACH550-UH HVAC).

Briefly, the VFD powers and controls the blower by converting the single-phase 220
VAC input to 3-phase 220 VAC output, where both the frequency and magnitude of the
output current are adjustable. These parameters continuously vary in response to the
analog output of the flow meter through the PID control loop to maintain a flow rate set-
point of 900 Ipm. Remote start/stop control was achieved by feeding the 24 V digital
on/off input of the VFD through the 16-channel relay output board also controlling the
solenoid valves. Flow rate was monitored directly from the flow meter via serial
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communication. The various safety mechanisms include: (1) thermocouple on blower
motor/temperature relay, (2) pressure gauge on blower exhaust/pressure switch, (3)
vacuum gauge on blower intake/vacuum switch, (4) rain-tight electronics enclosure with
internal heating and cooling elements, and (5) pilot-operated, normally-open solenoid
safety valve (Omega Engineering Inc., SV6005-NO) powered by the VFD. A custom
muffler was fitted to the exhaust and the entire blower assembly was mounted on a
platform with casters for portability; a picture is shown in Figure S6.

Collocated instrumentation includes: (1) Scanning Mobility Particle Sizer (SMPS) with
nano Differential Mobility Analyzer (DMA) (TSI Inc., 3080 EC; 3025A CPC; 3085
NDMA), (2) SMPS with long DMA (TSI Inc., 3080 EC; 3025A CPC; 3081 LDMA), (3)
wind speed and direction sensors (Met One Instruments Inc., 010C; 020C), and (4)
temperature/relative humidity data logger (Omega Engineering Inc., OM-DVTH). With
the exception of the nano SMPS, every facet of the experiment — including
instrumentation, hardware, data acquisition, data processing and logging, clustering and
networking — was controlled and executed by a custom built computer, and the entire
software system, including all algorithms, was coded in LabView™ (National
Instruments Inc., v8.2). Full remote control capabilities were achieved via
pcAnywhere™ (Symantec Inc., v10.0) over a wireless network, with the router in an
adjacent building and the receiver positioned on the trailer roof. Analog gauges and
various digital displays were monitored over the same network using web cams inside the
trailer.
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Table 2S-1. Runtime parameters used to control system response during ChemVol
sampling for the summer 2008 and winter 2009 experiments. See text for definitions.

Runtime Parameter Summer 2008 Winter 2009
Vacuum Aerodynamic Diameter Scanned 70 150
(nm)
Particle Class Library -
Similarity Threshold (dot product) 08 0.84
Outlier Cluster Library - 5 15
# Observations for New Particle Class
Maximum Time between Successive 90 30
Single Particle Observations (s)
Class Combination Library - 06 0.81
Similarity Threshold (dot product) ' '
Class C_omb_lnatlon Vector - 300 60
Time interval (s)
Class Combination Vector - 5 3
Minimum # Single Particle Observations
# Single Particle Observations between 3 3
Successive Class Combination Vectors
Outlier Class Combo Library - 5 15
# Observations for New ChemVol
ChemVol Switching - 1 5
Minimum # Successive Observations
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Table 2S-2. Metadata for the summer 2008 and winter 2009 experiments separated by
pre-study versus ChemVol sampling.

Total Total # | Total# | Total # Class
Experiment !Start Date | 'End Date | Sampling Mass Particle | Combination
Hours Spectra | Classes Vectors
Pre-study | 8/13/2008 9/2/2008 446 21,906 4689
Summer
2008 12
ChemVol | g,11/2008 | 10/20/2008 | 741 35,266 8785
Sampling
. Pre-study 1/9/2009 2/11/2009 522 100,242 30,810
Winter
2009 | chemVol °
. 3/1/2009 4/6/2009 712 46,286 10,274
Sampling

'Sampling was highly periodic and temporally asymmetric during these periods due to
routine maintenance on RSMS-I1, replacement of consumables, weather events
(especially for winter 2009), and natural variations in particle loading.
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Table 2S-3. Single particle summary statistics by ChemVol for the summer 2008 and
winter 2009 experiments, including (from left to right) the total sampling time, the total
number of single particle observations, individual sampling intervals and class
combination vectors (includes ChemVol trigger), the average number of single particle
observations per class combination vector (x 1 standard deviation), and the PM mass
collected by the afterfilter (ultrafine) and 0.17 um (submicron fine) stages (+
uncertainty). See text for discussion.

Summer 2008 Experiment
Tota] Total# | Total # Class \C/:omblnatlon Scaled SMPS Estimates -
Chemvol | S2MPING | oo icle Sampling ectors Collected Mass (mg)
Time Hits Intervals | T Average #
otal # . -
(hrs) Particles/ | Ultrafine | Sub-um Fine
1 85.55 15283 991 4327 14+ 8 14+3 36 + 10
2 63.69 13304 742 3844 24+ 20 12+2 41+12
3 2.60 426 62 83 72 0.42 +0.08 13+04
4 2.26 400 61 76 8+3 0.41+ 0.07 1.1+0.3
5 0.51 88 13 18 8+3 0.10 £ 0.02 0.21 £ 0.06
6 5.85 1106 133 242 11+6 11+0.2 29+0.8
7 1.45 240 38 45 7+3 0.16 £ 0.03 04+0.1
9 139.60 - 29 - - 17+3 47 £ 14
10 468.27 4419 1344 139 87 63+11 197 £ 56
Totals: 770 35266 3413 8785 109 + 12 328 + 60
Winter 2009 Experiment
Total Class Combination
Sampling Total# | Total # Vectors ’Measured Mass (mg)
ChemVol Time Parpcle Sampling Average #
Hits Intervals | Total # . - -
(hrs) Particles/ | Ultrafine | Sub-pm Fine
1 6.91 7478 477 2148 12+7 2.58 £ 0.06 3.21+£0.04
2 6.04 4087 402 1479 7+2 1.30+0.05 3.02£0.03
3 441 3605 363 1239 8+5 1.01+0.08 2.0+05
4 1.65 1879 137 536 115 0.73+£0.04 0.8+0.2
5 4.72 4423 422 1421 83 1.33+0.06 1.66 + 0.08
6 1.98 2519 191 691 11+7 0.88 £ 0.07 1.23+0.04
7 8.75 - 3 - - 1.07 £ 0.06 1.88 £ 0.06
8 92.49 - 32 - - 11.26 £ 0.06 | 15.48+0.05
9 257.82 - 33 - - 27.22+0.07 | 32.82+0.08
10 356.51 22295 2081 2760 61 37.16 +0.07 | 47.26+£0.09
Totals: 741 46286 4141 10274 85 107

'Gravimetric analyses of the summer filters were highly inaccurate due to a defective

balance so only estimates are available. Mass estimates are based on integrated SMPS

data scaled by the average ratio of measured-to-estimated mass from the winter 2009 data
(ultrafine = 1.1 £ 0.2; submicron fine = 1.4 £ 0.4).

*Mass measurements obtained via semi-micro analytical balance (A&D Engineering Inc.,
HR-202i).
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Table 2S-4. SMPS summary data by ChemVol for the summer 2008 and winter 2009
experiments, including (from left to right) the bimodal lognormal fit parameters for the
average SMPS number distributions (dN/dlogD,), the average integrated ultrafine (D, <
0.17 um) and submicron fine (0.17 < Dy, < 685 um = SMPS max Dy,) mass
concentrations, and estimates of the PM mass collected by the afterfilter and 0.17 um

stages.
'Summer 2008 Experiment
Bimodal Lognormal Fit Parameters Average Integrated SMPS Estimates -
ChemVol dM/dlogD, (ug/m°®) | Collected Mass (mg)
A1 | Do | oy Az Dpg2 | 02 n ; - -
Ultrafine Fine Ultrafine Fine
1 1914 | 36 |151| 7760 | 81 |196| 2709 63 13.17 26.01
2 1287 | 33 |1.43| 7835 | 85 | 197 | 2.8+0.9 7+4 10.91 29.16
3 1962 | 34 |1.45| 7403 | 78 | 1.96 3+1 6+3 0.38 0.90
4 1800 | 34 |1.46| 8215 | 87 |191| 3.0+09 7+4 0.37 0.80
5 5705 | 38 | 147 | 8570 | 97 | 170 | 3.2+£0.8 64 0.09 0.15
6 2220 | 39 | 153 | 8765 | 81 | 1.92 3+1 63 0.98 2.07
7 3357 | 49 | 164 | 4604 | 86 | 1.94 19+1 4+3 0.15 0.30
9 4073 | 31 | 141 | 5761 | 91 | 1.86 2+1 5+3 15.94 33.79
10 2128 | 41 | 159 | 6683 | 84 | 197 | 26+0.9 64 57.03 140.88
'Winter 2009 Experiment
Bimodal Lognormal Fit Parameters Average Integrated SMPS Estimates -
’ChemVol dM/dlogD,, (ug/m®) | Collected Mass (mg)
A | Doy | o9t Az Dpg2 | 02 - - - -
Ultrafine Fine Ultrafine Fine
1 1080 | 27 |1.22| 22150 | 78 | 1.69 6+3 7+4 2.46 2.77
2 1043 | 31 |1.36| 13709 | 85 | 1.74 5+2 74 1.47 2.21
3 1079 | 29 |1.30| 16587 | 77 | 1.72 5+2 63 1.11 1.30
4 999 | 26 | 1.23 | 22298 | 77 | 1.68 6+3 74 0.53 0.57
5 801 | 24 | 12316924 | 80 | 1.71 5+2 6+4 1.24 1.59
6 1220 | 27 | 12422189 | 76 | 1.69 6+3 7+4 0.62 0.65
8 2453 | 32 | 140 | 8773 | 83 | 1.83 3+2 4+3 13.10 19.98
9 1493 | 30 |135| 6440 | 73 | 1.91 2+1 33 22.61 33.62
10 1011 | 29 |1.29| 15919 | 78 | 1.72 5+3 6+4 44.66 39.96

' SMPS calculations were performed by some combination of the following: compiling
all number distributions (dN/dlogD,) within the time period of each ChemVol sampling
interval, interpolating distributions at the interval boundaries, converting to mass
assuming spherical particles with unit density, integrating the ultrafine (D, < 170 nm)
and submicron fine fractions (170 < Dy, < 685 nm), multiplying by sample volume and
summing, or averaging, over all sampling intervals independently for each ChemVol.
>SMPS data not available for ChemVol 7 during the winter 2009 experiment.
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Figure Captions
S1. Picture of RSMS-II in the onsite mobile trailer; see text for instrument description.
S2. A schematic of the pre-study data analysis; see text for discussion.

S3. Real-time data flow diagram for conditional ChemVol sampling; see text for
discussion.

S4. A schematic of the sampling train and experimental setup; see text for discussion.

S5. Pictures of the sampling stack (left), ChemVol manifold (top) and valve manifold
(bottom) inside the onsite mobile trailer; see text for discussion.

S6. Picture of the blower assembly (top) and variable frequency AC drive (bottom). See
text for description.

2-33



Figure 2S-1. Picture of RSMS-II in the onsite mobile trailer; see text for instrument
description.
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Figure 2S-2. A schematic of the pre-study data analysis; see text for discussion.
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Figure 2S-3. Real-time data flow diagram for conditional ChemVol sampling; see text for discussion.
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Figure 2S-5. Pictures of the sampling stack (left), ChemVol manifold (top) and valve manifold (bottom) inside the onsite mobile

trailer; see text for discussion.
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Figure 2S-6. Picture of the blower assembly (top) and variable frequency AC drive
(bottom). See text for description.
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Chapter 3
A High-Efficiency, Low-Bias Method for Extracting Particulate Matter from Filter and
Impactor Substrates

K.J. Bein
Air Quality Research Center, University of California Davis



Introduction

Epidemiological studies associate gas and particle pollutant concentrations with a range
of human health effects, but these associations rely on follow-up toxicological studies to
validate these epidemiological associations and establish their cause, effect and
underlying mechanism. As a result, the ARB and other stakeholder agencies such as the
US EPA and NIEHS employ toxicology studies in animal models and in vitro systems to
assess the toxicity and relative toxicity of atmospheric particulate matter (PM). The PM
for such studies is usually extracted from filters and impaction substrates into water or
other media for employment in the toxicological studies. Standard operating procedures
(SOPs) for performing these extractions are available from various groups, including the
US EPA, and different groups employ different SOPs, potentially resulting in outcomes
that are partially or wholly dependent on the SOP employed and thus biasing inter-group
comparisons. Remarkably, it appears that there has never been a systematic study to
compare the various SOPs for (a) extraction efficiency in terms of total mass extracted,
(b) relative extraction effectiveness as a function of particle size fraction and chemical
category (e.g., minerals, metal oxides, salts/electrolytes, acids/bases, hydrophobic
organics, water soluble organics and black/brown carbon), (c) extraction artifacts such as
volatilization losses, chemical and/or physical alterations to the PM and incorporation of
filter material into the PM sample, and (d) relative toxicity as a function of SOP
employed.

Applying the underlying methodology to a large majority of filter extraction techniques,
including the one used in this study and the SOP of the US EPA, involves sonication
followed by lyophilization (personal communication, Robert Devlin, 2009; Darlene
Bowser, 2009). Sonication — where ultrasonic energy is applied to a liquid to nucleate,
grow and implosively collapse microscopic bubbles — is required to remove the PM from
the filter media and suspend it in liquid, typically pure water. This is due to the extremely
adhesive and cohesive nature of most fine and ultrafine PM, the high impaction velocity
of the PM onto the filter media during sampling, as well as the fairly ubiquitous presence
of hydrophobic PM components. It is the cavitation energy of the imploding microscopic
bubbles that actually breaks the adhesive/cohesive forces holding the particles together
and to the filter media during sonication.

In fact, the cavitation energy is sufficient to degrade the integrity of the filter to the point
that microscopic pieces are broken off and further fragmented into micron-sized PM, thus
contaminating the sample. This is an extraction artifact that has recently garnered much
attention in the toxicology community. Although filter material (e.g. Teflon and PUF) is
generally considered to be chemically inert in terms of eliciting toxicological effects,
there is concern about the effects of the size and morphology of the fragmented filter
particles (FFP) on the respiratory tract of the animals used for in vivo studies and the cell
cultures of in vitro studies. This is especially true for traditional afterfilters, like the ones
used in the current study, which have a woven glass fiber backing. There is evidence that
sonication can result in the formation of micron-sized, needle-like glass fibers that have a
pronounced effect on cell viability when administered to cell cultures (personal



communication, Fern Tablin, 2011). As a result, significant attention has been given in
this study to the separation of FFP from the PM during the extraction process.

The approach chosen for the filter extraction technique being presented here takes
advantage of the size difference between the sonication-produced FFP and the extracted
PM to selectively filter the former from the sonication solution using a porous filter
membrane of known porosity that retains the FFP but allows the particles to pass through
into the filtrate. The idea stems from the fact that any mechanical abrasion based particle
formation mechanism, like the production of FFP via sonication, will tend to produce a
distribution of particle sizes — typically lognormal in nature — where the mean of that
distribution resides high in the supermicron range. The ambient PM sampled during these
experiments, however, is submicron in size and thus should be more than an order of
magnitude smaller than the FFP, allowing separation. There are two caveats here, though:

1. Particles have a tendency to agglomerate on the filter during sampling and
although sonication does a good job fragmenting these agglomerates and
dispersing the particles into solution, it cannot completely restore the original size
distribution of sampled PM and thus a small fraction of particularly “sticky” PM
may be retained by the porous membrane. Although somewhat variable and in no
way indicative of the particle size distributions originally sampled, Dynamic
Light Scattering (DLS) measurements of sonication solutions from the filter
extractions done in this study do show that post-sonication particle number
distributions in solution reside almost entirely in the submicron range.

2. Although sonication predominantly forms supermicron FFP, as discussed above,
the spread in the distribution is unknown and it is possible that the leading tail
dips down into the micron and submicron ranges. Any FFP smaller than the
membrane pore size will likely pass through into the filtrate and contaminate the
sample. There is evidence for this in the fact that filter material is still recovered
even when selective filtration is applied to the sonication solutions from the
extraction of clean filter blanks using pore sizes less than a micron, as will be
shown later. However, significantly more filter surface area is exposed during
sonication of filter blanks compared to filters loaded with PM and thus the
amount and size of FFP formed will likely be different.

Membrane filters are available in a variety of pore sizes and the objective is choosing the
pore size that maximizes FFP removal and minimizes particle loses. The pore size chosen
for the filter extractions performed in this study was 8 um since (a) smaller pore sizes did
not measurably decrease the mass of FFP recovered from the extraction of filter blanks
and (b) it is still an order of magnitude larger than the particle size fractions that were
collected.

Some groups have also raised concern about the production of reactive oxygen species
(ROS) during the sonication process that may alter the chemical composition of the PM
(personal communication, Cort Anastasio, 2010). They have suggested less energetic
approaches such as shaker tables where the filter is submerged in a fluid and then shaken
to remove the PM and suspend it in solution, which would also likely eliminate the



formation of FFP. Although certainly a valid concern that deserves further attention, this
technique generally results in very low extraction efficiencies and it is not clear that the
extraction is not compositionally biased in terms of what PM, or PM components, are
removed vesus what is left on the fiter. For most toxicological studies, extraction
efficiency will be extremely important in terms of removing sufficient PM to conduct the
experiment — this is especially true for the source-oriented sampling being discussed here
—and minimizing the compositional bias of the extraction. As a result, sonication remains
the extraction technique of choice and ROS and FFP production are currently accepted
artifacts in lieu of maximizing extraction efficiency.

Lyophilization (or freeze drying) is used to recover the dry PM after sonication by
removing the water and is necessary to determine the mass of extracted PM for
toxicological studies, which rely heavily on accurately knowing the administered dose.
During lyophilization, the sonication solution — comprising extracted PM suspended in
water — is frozen to a very low temperature, typically on the order of -80° C, and then
subjected to high vacuum to sublimate the ice, leaving dry PM behind. Initially, the PM is
completely encased in ice and protected from vacuum conditions but as the ice recedes
and the particles are exposed, there is concern that a significant amount of material may
volatilize from the PM. In fact, during the final stages of lyophilization the PM is
subjected to high vacuum for extended periods while the last remaining amounts of ice
are sublimated. There is no doubt that semi-volatile PM components, and even some
portion of the nonvolatile organics, will be lost during this process. For example,
preliminary results from our studies have shown that as much as 20-40% of the solvent
extractable organics can be lost during lyophilization. Given the importance of the
organic PM fraction in terms of toxicological testing, this is an artifact that was given
significant attention when developing the filter extraction techniques deployed in the
current study. The novel approach taken to circumvent this artifact was to use various
chemical solvents to remove the organics prior to lyophilization and then add them back
to the dry PM afterwards.

Numerous organic solvents with varying properties are readily available but for the
purposes of the current study. The selection criteria included the following: (1) Since the
organics are being removed from particles suspended in water after sonication, the
solvent must be immiscible with water so that the two can be separated from each other.
Therefore, only non-polar or polar aprotic solvents can be used. (2) The solvent must
have a very high vapor pressure so that it can be evaporated quickly and thoroughly. (3)
It must be a universally strong solvent but unreactive to maximize the number of organic
compounds solvated and ensure they are chemically unaltered. Given these requirements,
and in attempts to cover the polarity range of organic compounds, dichloromethane
(DCM; polar aprotic) and hexane (Hx; non-polar) were chosen for the current study.
DCM and Hx are also commonly used in the filter extraction step of sample preparation
protocols for GC-MS analysis of particulate organic carbon for molecular speciation
(Schauer et al., 1996, 1999; Sheesley et al., 2004; Fine et al., 2001, 2004; Ham et al.,
2011). Other organic solvents, such as acetone, have been used in the filter extraction
step of sample preparation for trace element analysis via ICP-MS (Herner et al., 2006).
Although acetone is miscible with water so inappropriate here, these studies suggest that



organic solvent extraction is necessary for trace element and molecular analyses of most
combustion generated aerosol and/or SOA since (1) the trace metals are typically
encapsulated by layers of organic compounds and (2) most organic compounds are
hydrophobic and thus are not likely removed from the filter to any significant degree by
water alone.

In the current study, DCM and Hx are sequentially added to the particle laden water from
the sonication step in a separatory funnel and shaken vigorously. The layers are separated
and the solvents evaporated to recover the solvent soluble fractions. Some fraction of the
water soluble organic compounds are likely removed during this process as well since
DCM is polar, but it is not clear how much and for which compounds. The solvent
soluble fractions are then added back to the dry PM recovered from lyophilization of the
H,O sonication solution.

To avoid any compositional biases in what is removed from the filter, as well as increase
overall extraction efficiencies, the filters from the current study were sequentially
sonicated in DCM and Hx after the initial water sonication. This was done to remove any
hydrophobic particles or particulate components not removed by sonication in water and
still adhering to the filter media. PM is clearly still visible on the filters after sonication in
water and the solvent sonications do a good job of removing a bulk of the remaining
material. For example, the average percent of the total extracted PM mass recovered by
the solvent sonications for all the afterfilters used in this study is 20 £ 10%. Note that
solvent sonication is not possible for the polyurethane foam (PUF) substrates used in the
PMo.17 and PM1 o stages of the ChemVols since the solvents will partially dissolve these
filters, leaving a contaminant residue in the sample. For example, during the testing
stages of protocol development for the current study an average of 6.0 £ 0.06 mg of filter
material was removed by solvent sonication.

Similar to the water sonication extract, the solvent sonication extracts are filtered to
remove any FFP and then added back to the dry PM recovered from lyophilization. The
order in which the sonications were performed in the current work was water followed by
DCM and then Hx. This order was chosen since water is by far the strongest sonication
medium, followed by DCM and then Hx, and the extracted particles exhibited
significantly higher mobility in water compared to the solvents. For example, the study
average percent of total extracted PM mass recovered from water sonication was 70 +
10%. When DCM or Hx is used first, which was also tested during protocol development,
significantly less mass is removed from the filter compared to water and the particles
tended to adhere to the surfaces of the glassware rather than remaining suspended in
solution, making them hard to transfer between glassware. Also, it does not matter that
water sonication is performed first since the water sonication extract is washed with both
solvents prior to lyophilization. A more detailed discussion of the filter extraction
methodology used in this work is given in the following section.

Methodology



The ChemVols used during these experiments require two different types of filter media:
Teflon coated borosilicate glass fiber afterfilters (Pall Corporation, TX40H120WW) for
collecting the ultrafine fraction (D, < 170 nm) and polyurethane foam (PUF) substrates
(ThermoFisher Scientific, PM1 o substrates) for collecting the submicron fine fraction
(170 < Dy < 1000 nm). For reasons discussed above, these two filter media require
different extraction protocols. Descriptions of the protocols are given below and flow
diagrams are shown in Figures (1) and (2) for the afterfilters and PUF, respectively.

Afterfilter Extraction Protocol (Figure 1)

1.

Weigh filters to obtain a pre-weight for the filter extraction process; all weighing
was performed using an A&D model HR-202i semi-micro analytical balance
(0.01 mg readability); see following section (Gravimetric Analyses) for details on
the gravimetric analysis procedures

Sonicate filters for ~ 1-2 hours in crystallization dish with ~ 600 mL milli-Q H,O
using a 5.5 gallon bath-style Branson model 8510 Bransonic® tabletop ultrasonic
cleaner; circular stainless steel wire mesh screen is placed on top of filter to keep
it submersed in milli-Q H,O during sonication

Filter H,O sonication extract solution (H,O Ex) through an 8.0 um Millipore

membrane filter using a class M (10-15 um porosity) fritted glass disc Buchner
funnel

Transfer filtered H,O Ex to a 2 L separatory funnel, add ~ 150 mL of
dichloromethane (DCM), shake vigorously for ~ 5 minutes and allow layers to
separate overnight

Drain DCM layer from bottom of separatory funnel into 1 L beaker, partially
evaporate DCM under N, atmosphere, transfer to 20 mL weighing beaker,
evaporate remaining DCM under N, atmosphere, weigh to obtain DCM soluble
fraction (DCMW) and store in freezer until reconstitution

Repeat steps 4-5 using ~ 150 mL of hexane (Hx) to obtain Hx soluble fraction
(HXW)

Transfer filtered and solvent-washed H,O Ex to 1.2 L lyophilization flask
(Labconco Fast-Freeze® flasks), freeze to -80° C, connect to lyophilizer operating
at ~ 0.1 mbar pressure and -50° C (Labconco FreeZone® 2.5 liter benchtop freeze
dry system) and sublimate ice until almost gone

Remove flask from lyophilizer, allow ice to partially melt, quantitatively transfer
remaining H,O Ex to 150 mL lyophilization flask, refreeze to -80° C, reconnect
to lyophilizer and sublimate ice until almost gone



9. Repeat step 8 for an 80 mL lyophilization flask, quantitatively split and transfer
remaining H,O Ex to final 10 mL storage vials (one aliquot for toxicological
studies and one aliquot to be archived for bulk chemical analyses), refreeze to -
80° C, reconnect to lyophilizer, sublimate remaining ice, seal vials under vacuum
and remove from lyophilizer

10. Weigh 10 mL vials under vacuum and subtract vial pre-weights (also weighed
under vacuum; see Gravimetric Analyses section below) to obtain filtered and
solvent-washed H,O sonication fraction (H,OEX); store vials under vacuum in
freezer until reconstitution

11. Place original filter on drying rack in RH-controlled drying chamber, allow to dry
for ~ 24 hours and reweigh filters

12. Sonicate filters for ~ 1-2 hours in crystallization dish with ~ 300 mL DCM,;
circular stainless steel wire mesh screen used to keep filter submersed during
sonication

13. Filter DCM sonication extract solution (DCM EX) through a class F (4-5.5 um
porosity) fritted glass disc Buchner funnel, transfer DCM Ex to 1 L beaker,
partially evaporate DCM under N, atmosphere, transfer to 20 mL weighing
beaker, evaporate remaining DCM, weigh to obtain filtered DCM sonication
fraction (DCMEX) and store in freezer until reconstitution

14. Repeat steps 11-13 using Hx to obtain Hx sonication fraction (HXEX)

15. Reconstitute PM sample — remove components from freezer, break vacuum on 10
mL vials containing H,OEX (step 10), dissolve organic fractions (DCMW, HxW,
DCMEx and HXEX) back into appropriate solvents and quantitatively split and
transfer to 10 mL vials (DCM and Hx are evaporated under N, atmosphere as the
fractions are successively added), put 10 mL vials back under vacuum using
lyophilizer and reweigh to obtain total extracted PM mass; crimp-seal with
aluminum seal and store in a -20° C freezer until the toxicological studies

PUF Substrate Extraction Protocol (Figure 2)

1. Weigh filters to obtain a pre-weight for the filter extraction process; see following
section (Gravimetric Analyses) for details on the gravimetric analyses procedures

2. Sonicate filters for ~ 1-2 hours in 1 L beaker with ~ 300 mL milli-Q H,O; circular
stainless steel wire mesh screen used to keep filter submersed during sonication

3. Perform steps 4-11 from the Afterfilter Extraction Protocol section on the initial
H,O sonication extract solution (H,0 EXx)



4. Cut filter into small pieces, add pieces to commercial grade blender with ~ 300
mL milli-Q H,0, mechanically chop on high speed for ~ 3-5 minutes, transfer
solution to 1L beaker and sonicate for ~ 1-2 hours; circular stainless steel wire
mesh screen used to keep filter pieces submersed during sonication

5. Filter mechanically chopped H,O sonication extract solution (MCH,O EX)
through an 8.0 um Millipore membrane filter using a class M (10-15 um porosity)
fritted glass disc Buchner funnel

6. Perform steps 4-10 from the Afterfilter Extraction Protocol section on the filtered
MCH-0 Ex except that in step 9 the remaining MCH,0O EXx is added to the 10 mL
vials containing the initial H20 Ex from step 3 above

7. Reconstitute PM sample — remove components from freezer, break vacuum on 10
mL vials containing H,OEx + MCH,OEX, dissolve organic fractions back into
appropriate solvents and quantitatively split and transfer to 10 mL vials (DCM
and Hx are evaporated under N, atmosphere as the fractions are successively
added), put 10 mL vials back under vacuum using lyophilizer and reweigh to
obtain total extracted PM mass; crimp-seal with aluminum seal and store in a -20°
C freezer until the toxicological studies

Gravimetric Analyses

Gravimetric analysis — comprised of pre- and post-weighing filters, weighing beakers and
storage vials — is by far the most difficult part of the entire filter extraction process but
also one of the most important steps in terms of quantifying dose response and
normalizing all ChemVols and size fractions to equal mass doses in the toxicological
studies. There are numerous reasons for this, as will be discussed below, but the
underlying fundamental challenge is subtracting two relatively large masses (filters,
weighing beakers and storage vials are on the order of tens of grams) to obtain a very
small mass (PM component masses at various stages of the filter extraction process are
on the order of tens to hundreds of micrograms), where there is a 5 orders of magnitude
difference between the two. As a result, measurement errors are large and these errors are
compounded as they propagate through the various calculations of the analyses.

Random errors associated with the actual measurements are modest (on the order of tens
of micrograms) and fairly easy to quantify by weighing the same object multiple times to
obtain the average and standard deviation in the measurement, which can be used to
define the confidence interval. Confidence intervals are then propagated through the
calculations to obtain an error estimate for the calculated values. Systematic errors due to
the effects of day-to-day fluctuations in environmental variables on both the balance and
mass of an object, however, can be significantly larger (on the order of milligrams in
some cases) and harder to track. The most important environmental variables are (1)
temperature and relative humidity, which can affect the mass of an object (e.g. filters and
PM), (2) the mass of the air column above the balance and the mass of any air within the
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object relative to the surrounding air (e.g. buoyancy effects for weighing beakers and
storage vials), (3) background electromagnetic radiation, which directly affects the
operation of the balance and the concentration of charged particles in the air, (4) static
charge, which alters the mass of an object by affecting its interaction with the
surrounding environment and the operation of the balance, and (5) in the case of storage
vials, the amount of time under vacuum during the lyophilization process.

The latter phenomenon, which was an unexpected finding of this work, deals with the
adsorption of gas phase molecules on the surfaces of the storage vials when they are
exposed to ambient lab air for extended periods, and the desorption of these molecules
during the lyophilization process when the vials are subjected to vacuum. First, it is
important to note that all storage vials are placed under vacuum prior to weighing. Not
only does this sync best with the extraction process since the vials are already under
vacuum when disconnecting from the lyophilizer, but more importantly, and for reasons
outlined above, it has proven substantially more robust and precise compared to weighing
vials with their contents at ambient conditions; note that the mass of air in a 10 mL vial at
SATP is on the order of 17 mg.

The difference in the weight of a given vial under vacuum can vary between zero and
more than a milligram depending on the difference in time the vial was put under vacuum
prior to weighing. During pre-weighing, vials are attached to the lyophilizer and pumped
down to operating conditions (~ 0.1 mbar), which takes less than a minute, before being
sealed, removed and weighed. This process can be repeated with a high degree of
precision in the measured masses. During lyophilization of an actual extracted PM
sample, the vial remains under vacuum for periods on the order of several hours and the
actual mass of the vial decreases due to this desorption phenomenon. Therefore, using the
difference between pre- and post-weights of vials in these situations creates a systematic
error in calculated PM masses.

The best way to track and quantify these errors, as well as the other systematic errors
listed above, has been to incorporate standard reference vials and weighing beakers that
are subjected to the exact same procedures and conditions as the sample vials and
weighing beakers but never have anything added to them. Tracking differences in the
measured masses of these standards throughout the entire filter extraction process
provides a quantitative metric of systematic error that can be used to correct the PM mass
calculations. This has been done for all of the calculations presented in this chapter. For
example, the average mass lost by standard reference vials during lyophilization was 0.7
+ 0.2 mg and the variation in weighing beaker mass — note that weighing beakers are not
weighed under vacuum and the error is largely due to static charge and buoyancy effects
— was on the order of + 30 ug.

Finally, pre- and post-weighing afterfilters and PUF substrates has proven extremely
challenging and highly unreliable throughout this entire work. This is due to a
combination of factors, namely (1) the size of the filters relative to the balance weighing
pan (afterfilters are 6.75” in diameter and PUF substrates are annular rings with an outer
diameter on the order of 5” while the weighing pan is only 3.1” in diameter), (2) the



effects of static charge, especially for the PUF, and (3) the effects of relative humidity on
the absorption of water by both the filter substrate and deposited PM. Weighing clean
filters is considerably more accurate than filters loaded with PM but is still challenging
and not as reliable or precise as storage vials and weighing beakers. As a result,
calculations involving differences between filter weights at various stages of the
extraction process have been omitted from the results and discussions that follow.

Results and Discussion

The filter extraction techniques described above have been applied to all of the afterfilters
and PUF substrates used during both the summer 2008 and winter 2009 source-oriented
sampling experiments described in Chapter 2. This includes the ultrafine and submicron
size fractions for ChemVols 1-7 and 9-10 for summer 2008 and ChemVols 1-10 for
winter 2009, as well as duplicate afterfilter and PUF field blanks.

PM Component Distributions

The fractional distribution of total extracted mass among the PM components removed
during the various steps of the filter extraction process are shown in Figures (3) and (4)
for the ultrafine fractions collected during summer 2008 and winter 2009, respectively,
and Figures (5) and (6) for the associated submicron fine fractions. The relevant PM
components for the afterfilter extractions are: (1) filtered and solvent-washed H,0
sonication extracts (H,O Extract), (2) DCM and Hx soluble fractions removed by
solvent-washing the H,O sonication solutions (DCM Soluble and Hx Soluble), and (3)
filtered DCM and Hx sonication extracts (DCM Extract and Hx Extract). For the PUF
extractions, the relevant components are: (1) solvent-washed H,O sonication extracts
(H,O Extract), (2) DCM and Hx soluble fractions removed by solvent-washing the H,0
sonication solutions (DCM Soluble (H,O Ex) and Hx Soluble (H,O EXx)), (3) filtered
and solvent-washed H,O sonication extracts of mechanically chopped filters (MC H,O
Extract), and (4) DCM and Hx soluble fractions removed by solvent-washing the
mechanically chopped H,O sonication solutions (DCM Soluble (MC Ex) and Hx
Soluble (MC EXx)). From these figures, it is clear that the largest fraction of total
extracted ultrafine mass is recovered by water sonication (study average = 0.7 + 0.1),
followed by DCM sonication (study average = 0.2 + 0.1) and then Hx sonication (study
average = 0.03 £ 0.03). The average fractional contributions of the DCM and Hx soluble
fractions to total extracted ultrafine mass were 0.1 £ 0.1 and 0.01 + 0.01, respectively, for
the W09 experiments and 0.07 + 0.07 and 0.00 + 0.01, respectively, for S08. For the PUF
extractions, the study average fraction of total extracted submicron fine mass recovered
from the initial water sonication was 0.6 £ 0.1 while water sonication of the mechanically
chopped filter recovered 0.4 £ 0.1. The average S08 values for DCM Soluble, Hx
Soluble, DCM Soluble (H,0 EXx) and Hx Soluble (H,O EXx) are 0.14 + 0.06, 0.01 +
0.01, 0.04 = 0.03 and 0.00 = 0.01, respectively, and for W09 these values are 0.07 + 0.04,
0.01 £ 0.01, 0.05 £ 0.03 and 0.00 + 0.01, respectively.

Extraction Efficiencies
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Extraction efficiency is defined as the fraction of the total PM mass sampled onto a filter
that is removed during the filter extraction process. Although extraction efficiencies
could not be directly calculated due to the various problems encountered when pre- and
post-weighing filters, as described in the Gravimetric Analyses section, the increased
efficiency of the filter extraction techniques deployed in this study compared to
conventional methods can be readily inferred from the data shown in Figures 3-6. The
conventional H,O sonication and lyophilization method will only yield the H20 Ex
fraction, as well as some portion of the DCM Soluble and Hx Soluble fractions, in these
figures. The remaining fraction of total extracted mass — i.e. the DCM Ex and Hx Ex
fractions from the afterfilter extractions and the MC H,O Ex, DCM Soluble (MC EX)
and Hx Soluble (MC EXx) fractions from the PUF extractions — represents an increase in
extraction efficiency. On average, conventional methods can only account for roughly
60-70% and 55-65% of the total extracted ultrafine and submicron PM mass,
respectively, obtained using the filter extraction techniques described here. This is
extremely important in the current study since the mass collected by CVs associated with
the more infrequently observed sources or source combinations is close to the target mass
required for the toxicological studies and these high extraction efficiencies are necessary
to ensure the health effects studies can be properly conducted.

Mass Closure

For the filter extraction techniques deployed in this study, mass closure was assessed by
comparing the total extracted PM mass obtained from weighing the reconstituted
composite extracts in the final storage vials to that obtained by summing the masses of
the individual PM components extracted during the various steps of the filter extraction
process; i.e. H2OEx + DCM soluble + Hx soluble + DCMEXx + HXEX. These data are
shown by ChemVol and aliquot in Tables (1) and (2) for the ultrafine and submicron PM
fractions collected during the summer 2008 and winter 2009 experiments, respectively. A
graphical depiction has been included in Figure (7) showing the percent difference
between the composite mass and component sum by ChemVol, size fraction and
sampling campaign. The average percent difference over all filter extractions performed
during this study was only 4%, demonstrating good mass closure given the large sources
of uncertainty in this analysis.

Conclusions

A method was presented for extraction of deposited particulate matter from filter and
PUF impactor substrates that has a much higher efficiency and likely less composition
bias than other methods. The method was employed on nearly 40 different composition
samples, half from filters, half from PUFs, collected in Fresno, California as part of a
study to collect ambient particulate matter associated with different sources.

Although numerous methods are available in government, industry and academic
laboratories for extracting collected particulate matter from filter and impactor substrates,
these methods were insufficient for the requirements posed by Source-Oriented Toxicity
research for two reasons. First, some of the ChemVols have a very small amount of mass
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deposited so that higher extraction efficiencies are required so that enough material is
available for the toxicity studies. The extraction efficiencies for common methods are
near 70% (personal communication, Robert Devlin, 2009) and our goal was to develop a
method closer to 90%, or even higher. Second, the low extraction efficiencies might
mean that material was extracted off the substrates in such a way as to result in a
composition bias. That is, material left on the substrate is likely to be more sticky or less
soluble in the method’s solvents than material that was successfully extracted and this
material may be more or less toxic than the extracted material resulting in bias in the
toxicological results.

Another requirement for the extraction protocol needed for toxicity studies is a clear
indication of the mass extracted so that dose response relationships can be elucidated.
Weighing substrates, extracting and then reweighing to obtain an estimate of extracted
mass may introduce error since some of the solvent may still be on the substrate and
subtracting two large numbers to obtain a small difference, the mass extracted, is error
prone. The methods presented here involve lyophilization, so a direct measure of PM
mass is obtained minimizing artifacts from the substrate.

The extraction method presented here is generally more time consuming than those
available in other laboratories since careful attention was paid to quantifying and
characterizing each stage of the process for publication. If only the final mass of
extracted PM is desired, then the entire process can be completed in ~ 10 days for a
single sample. The capacity of our lab allowed four samples to be extracted in parallel.
This method may not be suitable for all studies but for studies where high extraction
efficiencies are desired and where minimizing composition bias in the extracts is a goal,
the method presented here is appropriate.
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Table 3-1. Total extracted PM mass via weighing the reconstituted composite extracts versus summing the individual components.

Winter 2009 Ultrafine Mass (mg)

Winter 2009 Submicron Fine Mass (mg)

ChemVol | Aliguot | Composite Mass Component Sum % Diff Composite Mass | Component Sum % Diff

Value Error Value Error | Value Error Value Error Value Error | Value | Error

1 4.08 0.08 4.19 0.16 2.54 4.20 2.72 0.15 2.73 0.16 0.46 7.97

! 2 4.68 0.07 4.54 0.11 3.11 2.88 2.64 0.12 2.61 0.10 0.99 5.96

1 2.22 0.05 2.69 0.28 17.25 8.97 2.55 0.11 2.54 0.21 0.31 9.39

2 2 2.36 0.03 2.78 0.24 15.04 7.46 2.45 0.09 2.39 0.21 2.13 9.56

1 1.53 0.02 1.68 0.14 9.08 7.47 2.94 0.09 2.92 0.08 0.71 4.01

3 2 1.53 0.06 1.68 0.08 9.44 5.39 2.80 0.10 2.92 0.16 4.01 6.28

1 1.19 0.06 1.15 0.12 3.40 11.93 1.51 0.09 1.51 0.20 0.53 14.19

4 2 1.26 0.11 1.28 0.15 1.68 14.41 1.50 0.18 1.44 0.11 413 14.92

1 1.96 0.06 N/A N/A N/A 1.27 1.59 0.08 1.60 0.14 0.29 9.96

> 2 2.96 0.15 3.06 0.16 3.46 6.97 1.57 0.13 1.56 0.15 0.99 13.22

1 1.26 0.08 1.21 0.18 3.60 16.93 1.27 0.08 1.20 0.12 5.81 12.45

® 2 1.32 0.08 1.17 0.11 11.73 12.27 1.22 0.10 1.24 0.13 1.61 13.31

1 2.94 0.21 2.38 0.27 19.04 16.57 1.31 0.09 1.30 0.17 0.99 14.92

! 2 2.92 0.05 3.13 0.21 6.84 6.60 0.96 0.15 0.97 0.20 1.34 26.00

1 4.37 0.07 452 0.21 3.17 4.83 3.95 0.13 3.98 0.29 0.76 7.88

8 2 4.68 0.07 4.76 0.13 1.66 3.04 3.99 0.17 4.02 0.28 0.85 8.00

1 6.08 0.06 551 0.15 9.49 3.20 4.41 0.13 4.47 0.15 1.36 4.29

9 2 5.92 0.32 6.01 0.32 1.56 7.52 4.49 0.13 4.47 0.20 0.47 5.34
3 5.99 0.17 5.76 0.16 3.86 3.75 4.39 0.08 4.73 0.19 7.11 4.81

1 N/A N/A N/A N/A N/A N/A 3.19 0.07 3.24 0.16 151 5.44

10 2 N/A N/A N/A N/A N/A N/A 3.01 0.04 3.04 0.11 0.95 3.78
Field 1 0.65 0.10 0.55 0.10 15.28 28.19 0.57 0.12 0.54 0.15 6.27 37.18
Blank 2 0.66 0.13 0.57 0.14 12.65 35.17 0.63 0.13 0.60 0.14 4,78 33.19
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Table 3-2. Total extracted PM mass via weighing the reconstituted composite extracts versus summing the individual components.

Summer 2008 Ultrafine Mass (mg)

Summer 2008 Submicron Fine Mass (mg)

ChemVol | Aliquot | Composite Mass Component Sum % Diff Composite Mass | Component Sum % Diff
Value | Error | Value | Error | Value | Error | Value | Error | Value | Error | Value | Error
1 5.62 0.06 5.57 0.20 0.7 3.7 6.43 0.09 6.41 0.12 0.2 2.3
1 2 5.93 0.33 5.82 0.34 2.0 8.2 6.80 0.09 6.80 0.12 0.0 2.2
3 5.55 0.25 5.47 0.18 15 5.5 0.00 0.00 0.00 0.00 0.0 0.0
1 5.04 0.04 4.86 0.16 34 3.4 5.67 0.07 5.58 0.12 1.7 2.6
2 2 6.26 0.13 6.02 0.15 3.7 3.4 5.76 0.11 5.68 0.16 1.3 35
3 5.50 0.20 5.31 0.14 3.3 4.3 5.65 0.06 5.80 0.13 2.6 2.5
3 1 2.50 0.17 2.25 0.17 10.2 11.3 1.41 0.10 1.37 0.10 2.5 10.4
2 2.40 0.12 2.24 0.12 6.8 7.9 1.31 0.09 1.33 0.10 1.9 9.8
4 1 1.64 0.10 1.81 0.10 9.6 7.5 1.32 0.09 1.29 0.12 1.7 11.7
2 1.67 0.06 1.56 0.07 6.2 6.4 1.32 0.11 1.28 0.11 3.0 12.3
5 1 1.30 0.11 1.33 0.19 2.4 16.5 0.94 0.19 0.82 0.13 12.8 28.6
2 1.21 0.12 1.26 0.19 3.8 17.0 1.06 0.18 0.94 0.13 11.1 24.6
6 1 2.71 0.03 2.71 0.13 0.1 49 1.92 0.05 1.93 0.12 0.8 6.5
2 1.42 0.19 1.40 0.23 1.7 21.5 1.84 0.07 1.84 0.12 0.2 7.3
7 1 2.14 0.13 1.95 0.09 8.9 8.5 1.76 0.08 1.84 0.18 45 10.4
2 2.14 0.19 1.96 0.20 8.8 15.0 1.76 0.05 1.83 0.15 3.8 8.4
1 7.62 0.06 7.70 0.15 1.1 2.1 4.83 0.04 4.75 0.14 1.7 3.1
9 2 7.38 0.24 7.54 0.26 2.2 4.6 4.97 0.06 4.81 0.14 3.3 3.2
3 31.89 0.05 29.49 0.15 7.5 0.5 8.41 0.03 8.21 0.13 2.3 1.6
10 1 2.35 0.08 2.34 0.07 0.2 4.3 5.33 0.12 5.22 0.11 2.1 3.2
2 2.44 0.08 2.44 0.09 0.1 4.8 5.02 0.11 4.94 0.11 15 3.1
Field 1 0.66 0.10 0.64 0.11 3.8 24.6 0.50 0.11 0.57 0.12 12.8 25.9
Blank 2 0.58 0.10 0.59 0.12 15 26.3 0.50 0.13 0.56 0.12 11.2 29.9
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Filter Extraction Flow Diagram
Teflon Coated Glass Fiber Filters
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Fig 3-1. Flow diagram of the filter extraction and particle reconstitution process for Teflon coated borosilicate glass fiber afterfilters.
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Filter Extraction Flow Diagram
Polyurethane Foam (PUF) Substrate
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Figure 3-2. Flow diagram of the filter extraction and particle reconstitution process for polyurethane foam (PUF) substrates.
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Summer 2008 Ultrafine PM
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Figure 3-3. The fractional distribution of total extracted mass among the PM components removed during the various steps of the
filter extraction process for the ultrafine PM fractions collected during the summer 2008 experiment by ChemVol; FB = field blank.
See text for a description of the various PM components.
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Winter 2009 Ultrafine PM
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Figure 3-4. The fractional distribution of total extracted mass among the PM components removed during the various steps of the
filter extraction process for the ultrafine PM fractions collected during the winter 2009 experiment by ChemVol; FB = field blank. See
text for a description of the various PM components.
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Summer 2008 Submicron Fine PM
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Figure 3-5. The fractional distribution of total extracted mass among the PM components removed during the various steps of the
filter extraction process for the ultrafine PM fractions collected during the summer 2008 experiment by ChemVol; FB = field blank.
See text for a description of the various PM components.
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Winter 2009 Submicron Fine PM
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Figure 3-6. The fractional distribution of total extracted mass among the PM components removed during the various steps of the
filter extraction process for the ultrafine PM fractions collected during the winter 2009 experiment by ChemVol; FB = field blank. See
text for a description of the various PM components.
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Figure 3-7. Percent difference between the total extracted mass obtained by weighing the final reconstituted composite extracts versus

summing the component masses obtained during the various steps of the filter extraction process; see text for a description of the filter
extraction process and associated PM components.
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Chapter 4
Source Attribution for Source Oriented Sampling and Toxicity

K.J. Bein
Air Quality Research Center, University of California Davis

To be submitted for publication

Abstract

Source oriented samples were collected in Fresno California during the Summer of 2008
and the Winter of 2009. Samples were collected with 10 ChemVols that collected a
submicron fine sample and an ultrafine sample. ChemVols collected samples depending
on the sources sensed at a given time by a single particle mass spectrometer that analyzed
the chemical composition of particle in real time. These same single particle mass spectra
were analyzed in this work along with wind direction data and the prevalence of sources
around the collection site on Shaw Avenue in Fresno to identify the sources of PM
collected by each ChemVol. These source identifications are used in subsequent chapters
to relate toxicity to emissions sources.
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combinations assigned to the various CVs. A complete description of how these data were
obtained and how they were used in the source-oriented sampling algorithms is given in
Chapter 2.

It is important to note that the particle classes observed in the summer and winter seasons
are likely from the same sources and source combinations. So for efficiency of notation
and comparative clarity when discussing the various particle classes constituting the S08
and W09 ChemVol source combinations detailed below, Table 4.1 shows a mapping
between the particle class notations used in Chapter 2 and new ones used from this point
forward that more clearly denote the similarity between summer and winter emission

Sources.

Table 4.1. Reconciliation of summer and winter source categories and classes

Source Category (Chapter 4 notation) ChemVol Class (Chapter 2 notation)
s-K K(d)

w-K PMP
s-CAN AN/EC/OC
w-CAN CAN

s-EC EC

w-EC EC
s-K/EC/OC K/EC/OC
w-K/EC/OC MsC
s-EC/OC EC/OC
w-EC/OC Carbon
w-K/CAN MCAN

SMPS measurements during sampling usually show a monomodal particle size distribution
centered below the ~170 nm cutpoint of the ChemVols; see Chapter 2. Although the single
particle instrument was configured to analyze particle sizes near the middle of these
distributions for the entirety of these experiments, the monomodal distribution suggests that
the single particle compositions likely represent the relevant PM components and their
internal mixing state but not necessarily the mass distribution of the observed components
within individual particles. Since the size distribution of the total particle popu