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PREFACE

National Ambient Air Quality Standards (NAAQS) are promulgated by the United States
Environmental Protection Agency (EPA) to meet requirements set forth in Sections 108 and 109
of the U.S. Clean Air Act (CAA). Sections 108 and 109 require the EPA Administrator (1) to
list widespread air pollutants that reasonably may be expected to endanger public health or
welfare; (2) to issue air quality criteria for them that assess the latest available scientific
information on nature and effects of ambient exposure to them; (3) to set “primary” NAAQS to
protect human health with adequate margin of safety; (4) to set “secondary” NAAQS to protect
against welfare effects (e.g., effects on vegetation, ecosystems, visibility, climate, manmade
materials, etc.); and (5) to periodically (every 5 years) review and revise, as appropriate, the
criteria and NAAQS for a given listed pollutant or class of pollutants.

The original NAAQS for particulate matter (PM), issued in 1971 as “total suspended
particulate” (TSP) standards, were revised in 1987 to focus on protecting against human health
effects associated with exposure to ambient PM less than 10 microns (<10 um) that are capable
of being deposited in thoracic (tracheobronchial and alveolar) portions of the lower respiratory
tract. Later periodic reevaluation of newly available scientific information, as presented in the
last previous version of this “Air Quality Criteria for Particulate Matter” document published in
1996, provided key scientific bases for PM NAAQS decisions published in July 1997. More
specifically, the PM,, NAAQS set in 1987 (150 pg/m’®, 24-h; 50 ug/m’, annual average) were
retained in modified form and new standards (65 pg/m?, 24-h; 15 pg/m’, annual average) for
particles < 2.5 um (PM, 5) were promulgated in July 1997.

This final version of revised Air Quality Criteria for Particulate Matter assesses new

scientific information that has become available (published or accepted for publication) mainly
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between early 1996 through April 2002, although a few important new studies published through
2003 are also considered. Several previous successive drafts of this document were released for
public comment and review by the Clean Air Scientific Advisory Committee (CASAC), to
obtain comments on the organization and structure of the document, the issues addressed, the
approaches employed in assessing and interpreting the newly available information on PM
exposures and effects, and the key findings and conclusions arrived at by this assessment. Public
comments and CASAC review recommendations were taken into account in making revisions to
this document for incorporation into this final draft. Evaluations contained in this document will
be drawn on to provide inputs to associated PM Staff Paper analyses prepared by EPA’s Office
of Air Quality Planning and Standards (OAQPS) to pose alternatives for consideration by the
EPA Administrator with regard to proposal and, ultimately, promulgation of decisions on
potential retention or revision of the current PM NAAQS.

The document describes the nature, sources, distribution, measurement, and concentrations
of PM in outdoor (ambient) environments. It also evaluates the latest data on human exposures
to ambient PM and consequent health effects in exposed human populations, to support decision
making regarding primary, health-related PM NAAQS. The document also evaluates ambient
PM environmental effects on vegetation and ecosystems, visibility, and man-made materials, as
well as atmospheric PM effects on climate change processes, to support decision making bearing
on secondary PM NAAQS.

Preparation of this document was coordinated by EPA’s National Center for
Environmental Assessment in Research Triangle Park (NCEA-RTP). NCEA-RTP scientific
staff, together with experts from other EPA/ORD laboratories and academia, contributed to
writing of document chapters. The NCEA of EPA acknowledges the contributions provided by
authors, contributors, and reviewers and the diligence of its staff and contractors in the

preparation of this document.
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1. INTRODUCTION

This document is an update of “Air Quality Criteria for Particulate Matter” published by
the U.S. Environmental Protection Agency (EPA) in 1996, and it will serve as the basis for
Congressionally-mandated periodic review by EPA of the National Ambient Air Quality
Standards for Particulate Matter (PM NAAQS). The present document critically assesses the
latest scientific information relative to determining the health and welfare effects associated with
the presence of various concentrations of PM in ambient air. It builds upon the assessment in the
previous 1996 EPA Air Quality Criteria Document for Particulate Matter (1996 PM AQCD; U.S.
Environmental Protection Agency, 1996a) by focusing on assessment and integration of
information most relevant to PM NAAQS criteria development, based on pertinent peer-
reviewed literature published or accepted for publication mainly through 2002, as well as a few
more recent important studies. This introductory chapter presents (1) background information
that summarizes legislative requirements, the criteria and NAAQS review process, the history of
PM NAAQS reviews including the chronology of changes in key elements of the standards, and
the coordinated PM research program that has guided much of the more recent research in this
area; (2) an overview of the current PM criteria and NAAQS review (including key milestones),
as well as assessment approaches and procedures used in preparing this document; and (3) an

orientation to the general organizational structure of this document.

1.1 BACKGROUND

1.1.1 Legislative Requirements

As indicated in U.S. Code (1991), Sections 108 and 109 of the U.S. Clean Air Act (CAA)
(42 U.S.C. Sections 7408 and 7409) govern the establishment, review, and revision of NAAQS.
Section 108(a) directs the EPA Administrator to list pollutants, which, in the Administrator’s
judgment, cause or contribute to air pollution that may reasonably be anticipated to endanger

public health or welfare and to issue air quality criteria for them. The air quality criteria are to
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reflect the latest scientific information useful in indicating the kind and extent of all identifiable
effects on public health and welfare that may be expected from the presence of the pollutant in
ambient air.

Section 109 directs the Administrator of EPA to propose and promulgate “primary” and
“secondary” NAAQS for criteria air pollutants listed under Section 108. Section 109(b)(1)
defines a primary standard as a level of air quality, the attainment and maintenance of which,
in the judgment of the Administrator, based on the criteria and allowing for an adequate margin
of safety, is requisite to protect the public health. Section 109(b)(2) defines a secondary standard
as one which, in the judgment of the Administrator, based on the criteria, is requisite to protect
public welfare from any known or anticipated adverse effects associated with the presence of the
pollutant in ambient air. Welfare effects, defined in Section 302(h), include (but are not limited
to) effects on soils, water, crops, vegetation, man-made materials, animals, wildlife, weather,
visibility, and climate; damage to and deterioration of property; hazards to transportation; and
effects on economic values, personal comfort, and well-being. Section 109(d)(1) requires the
periodic review and, as appropriate, revision of existing criteria and standards. Also,

Section 109(d)(2) requires an independent committee of non-EPA experts, the Clean Air
Scientific Advisory Committee (CASAC), to provide advice and recommendations to the EPA
Administrator regarding the scientific soundness and appropriateness of criteria and NAAQS
for PM and other criteria air pollutants (i.e., ozone, nitrogen dioxide, sulfur oxides, carbon

monoxide, lead).

1.1.2 Criteria and NAAQS Review Process

The EPA’s periodic reviews of criteria and NAAQS for a given criteria air pollutant
progress through a number of steps, beginning with the preparation of an Air Quality Criteria
Document (AQCD) by EPA’s National Center for Environmental Assessment Division in
Research Triangle Park, NC (NCEA-RTP), which critically assesses the scientific information
upon which the NAAQS are to be based. Building upon the AQCD, staff within EPA’s Office of
Air Quality Planning and Standards (OAQPS) prepare a Staff Paper that evaluates the policy

implications of the key studies and scientific information contained in the AQCD and presents



staff conclusions and recommendations of options for the Administrator to consider. The Staff
Paper is intended to help “bridge the gap” between the scientific assessment contained in the
AQCD and the judgments required of the Administrator in determining whether it is appropriate
to retain or to revise the NAAQS. Iterative drafts of both of the AQCD and the Staff Paper

(as well as any other analyses supporting the Staff Paper, such as exposure and/or risk
assessments) are made available for public comment and are reviewed by CASAC. Following
CASAC review of these documents, the Administrator proposes decisions on whether to retain
or revise the NAAQS based on the information in these documents, taking into account CASAC
advice and recommendations and public comments. The Administrator’s proposed decisions are
published in the Federal Register, with a preamble that presents the rationale for the decisions
and solicits public comment. After taking into consideration comment received on the proposed
decisions, the Administrator’s final decisions are promulgated in a final Federal Register notice
that addresses significant comments received on the proposal.

Decisions on the NAAQS involve consideration of the four basic elements of a standard:
indicator, averaging time, form, and level. The indicator defines the pollutant to be measured in
the ambient air for the purpose of determining compliance with the standard. The averaging
time defines the time period over which air quality measurements are to be obtained and
averaged, considering evidence of effects associated with various time periods of exposure.

The form of a standard defines the air quality statistic that is to be compared to the level of the
standard (i.e., an ambient concentration of the indicator pollutant) in determining whether an
area attains the standard. The form of the standard specifies the air quality measurements that
are to be used for compliance purposes (e.g., the 98th percentile of an annual distribution of
daily concentrations; the annual arithmetic average), the monitors from which the measurements
are to be obtained (e.g., one or more population-oriented monitors in an area), and whether the
statistic is to be averaged across multiple years. These basic elements of a standard are the
primary focus of the staff conclusions and recommendations in the Staff Paper and in the
subsequent rulemaking, building upon the policy-relevant scientific information assessed in the
AQCD and on the policy analyses contained in the Staff Paper. These four elements taken

together determine the degree of public health and welfare protection afforded by the NAAQS.
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1.1.3 History of Earlier PM Criteria and NAAQS Reviews

Selection of appropriate indicator(s) for the PM NAAQS has long posed a unique
challenge, in that unlike the other criteria air pollutants, PM is the generic term for a broad class
of physically and chemically diverse substances that exist in ambient air as discrete particles
(liquid droplets or solids) over a wide range of sizes. These airborne particles originate from a
variety of stationary and mobile sources. Primary particles are emitted directly into ambient air;
whereas secondary particles are formed in the atmosphere by transformation of gaseous
emissions such as sulfur oxides (SO,), nitrogen oxides (NO,), and volatile organic compounds
(VOCs). The physical and chemical properties of PM vary greatly with time, region,
meteorology, and source category, thus complicating assessment of ambient PM health and
welfare effects. Particles in ambient air are usually distributed bimodally in two somewhat
overlapping size categories: (1) fine (diameter generally < 2.5 um) and (2) coarse (diameter
generally > 1.0 um). Particles in these two size fractions tend to differ in terms of formation
mechanisms, sources of origin, composition, and behavior in the atmosphere and human
respiratory tract.

EPA first promulgated primary and secondary NAAQS for PM on April 30, 1971 (Federal
Register, 1971). These standards measured PM as “total suspended particulate” (TSP), which
refers to ambient PM up to a nominal size of 25 to 45 um. The primary standards for PM
(measured as TSP) were 260 pg/m’ (24-h average), not to be exceeded more than once per year,
and 75 pg/m’ (annual geometric mean). The secondary standard (measured as TSP) was
150 pg/m’® (24-h average), not to be exceeded more than once per year.

EPA completed the next review of PM air quality criteria and standards in July 1987,
revising the 1971 standards to protect against adverse health effects of inhalable airborne
particles that can be deposited in the lower (thoracic) regions of the human respiratory tract, with
“PM,,” (i.e., those particles collected by a sampler with a specified penetration curve yielding an
upper 50% cut-point of 10-pm aerodynamic diameter) as the indicator (Federal Register, 1987).
EPA established identical primary and secondary PM,, standards for two averaging times:

150 pg/m’® (24-h average, with no more than one expected exceedance per year) and 50 pg/m’

(expected annual arithmetic mean, averaged over three years).



1.1.4 The 1997 PM NAAQS Revision

The last previous review of the air quality criteria and standards for PM was initiated in
April 1994 by EPA announcing its intention to develop a revised Air Quality Criteria for
Particulate Matter. Several workshops were held in November 1994 and January 1995 to
discuss important new health effects information useful in preparing initial PM AQCD draft
materials. Also, plans for review of the PM criteria and standards under a highly accelerated,
court-ordered schedule were presented by EPA at a CASAC public meeting in December 1994.
A court order entered in American Lung Association v. Browner, CIV-93-643-TUC-ACM (U.S.
District Court of Arizona, 1995), as subsequently modified, required publication of EPA’s final
decision on the review of the PM NAAQS by July 19, 1997.

Several external review drafts of the revised PM AQCD were prepared by NCEA-RTP and
made available for public comment and CASAC review (at public meetings held in August
1995, December 1995, and February 1996). The CASAC completed its review of the PM
AQCD in early 1996, advising the EPA Administrator in a March 15, 1996 letter (Wolff, 1996)
that “although our understanding of the health effects of PM is far from complete, a revised
Criteria Document which incorporates the Panel’s latest comments will provide an adequate
review of the available scientific data and relevant studies of PM.” Revisions made in response
to public and CASAC comments were then incorporated by NCEA-RTP, as appropriate, into the
final 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a). The associated PM
Staff Paper, prepared by OAQPS staff, drew upon the 1996 PM AQCD and other assessments to
pose options for the Administrator to consider in making PM NAAQS decisions. Drafts of the
PM Staff Paper also underwent public comment and CASAC review, which informed the final
1996 version (U.S. Environmental Protection Agency, 1996b).

The 1996 PM AQCD and PM Staff Paper provide detailed information on atmospheric
formation, ambient concentrations, and health effects of ambient air PM, as well as quantitative
estimates of human health risks associated with exposure to ambient PM. The main focus of
these documents was on recent epidemiologic evidence reporting associations between ambient
concentrations of PM and a range of serious health effects. Special attention was given to

several size-specific classes of particles, including PM,, and the principal fractions of PM,,,,
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referred to as the fine (PM, ;) and coarse (PM,,, 5) fractions. PM,  refers to those particles
collected by samplers having penetration curves yielding an upper 50% cut point of 2.5 pm
aerodynamic diameter. PM,,, ; refers to those particles in an aggregate sample having an upper
50% cut point of 10 pm and a lower 50% cut point of 2.5 um aerodynamic diameter. In other
words, the coarse fraction (PM,,, 5) refers to inhalable particles that remain if fine (PM, ;)
particles are removed from a sample of PM,, particles. As discussed in the 1996 PM AQCD,
fine and coarse fraction particles can be differentiated by their sources and formation processes,
by their chemical and physical properties, and by their behavior in the atmosphere.

Taking into account information and assessments presented in the 1996 PM AQCD and
Staff Paper, CASAC advice and recommendations, and public comments received on proposed
revisions to the PM NAAQS published in December 1996 (Federal Register, 1996), the EPA
Administrator promulgated significant revisions to the PM NAAQS in July 1997 (Federal
Register, 1997). In that decision, the PM NAAQS were revised in several respects. While it was
determined that the PM NAAQS should continue to focus on particles less than or equal to
10 um in diameter, it was also determined that the fine and coarse fractions of PM,, should be
considered separately. New standards were added, using PM, ; as the indicator for fine particles;
and PM,, standards were retained for the purpose of regulating coarse-fraction particles. Two
new PM, s standards were set: an annual standard of 15 pg/m’, based on the 3-year average of
annual arithmetic mean PM, 5 concentrations from single or multiple community-oriented
monitors; and a 24-h standard of 65 pug/m’, based on the 3-year average of the 98" percentile of
24-h PM, 5 concentrations at each population-oriented monitor within an area. To continue to
address coarse-fraction particles, the annual PM,, standard was retained, and the form, but
not the level, of the 24-h PM,, standard was revised to be based on the 99" percentile of 24-h
PM,, concentrations at each monitor in an area. The secondary standards were revised by
making them identical in all respects to the PM, s and PM,, primary standards.

Following promulgation of the revised PM NAAQS, legal challenges were filed by a large
number of parties, addressing a broad range of issues. In May 1998, the U.S. Court of Appeals
for the District of Columbia Circuit issued an initial opinion that upheld EPA’s decision to

establish fine particle standards, holding that such standards were amply justified by the growing
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body of empirical evidence demonstrating a relationship between fine particle pollution and
adverse health effects. American Trucking Associations v. Browner, 175 F. 3d 1027, 1055-56
(D.C. Cir. 1999a) (rehearing granted in part and denied in part, 195 F. 3d 4 (D.C. Cir. 1999b),
affirmed in part and reversed in part, Whitman v. American Trucking Associations, 531 U.S. 457
(2001). Further, the court found “ample support” for EPA’s decision to regulate coarse fraction
particles, although it vacated the revisions to the 1987 PM,, standards on the basis of PM,, being
a “poorly matched indicator for coarse particulate pollution” because PM,, includes fine
particles (Id. at 1053-55). As a result of this aspect of the court’s ruling, which EPA did not
appeal, the 1987 PM,, standards remain in effect.

In addition, the court broadly held that EPA’s approach to establishing the level of the
standards in its 1997 decisions on both the PM and Ozone NAAQS (which were promulgated on
the same day and considered together by the court in this aspect of its opinion) effected “an
unconstitutional delegation of legislative authority” (Id. at 1034-40). EPA appealed this aspect
of the court’s ruling to the U.S. Supreme Court. In February 2001, the U.S. Supreme Court
unanimously reversed the Court of Appeals’ ruling on the constitutional issue and sent the case
back to the Court of Appeals for resolution of any remaining issues that had not been addressed
in that court’s earlier rulings. Whitman v. American Trucking Associations, 531 U.S. 457,
475-76 (2001). In March 2002, the Court of Appeals rejected all remaining challenges to the
standards, finding that the 1997 PM, ; standards were reasonably supported by the record and
were not “arbitrary or capricious.” American Trucking Associations v. EPA, 283 F. 3d 355,
369-72 (D.C. Cir. 2002). Thus, the 1997 PM, ; standards also remain in effect.

1.1.5 Coordinated PM Research Program

Shortly after promulgation of the 1997 PM NAAQS decisions, NCEA-RTP published a
PM Health Risk Research Needs Document (U.S. Environmental Protection Agency, 1998a) that
identified research needed to improve scientific information supporting future reviews of the
PM NAAQS. The document provided a foundation for PM research coordination among Federal
agencies and other research organizations, as well as input to National Research Council (NRC)

deliberations on PM research. The Office of Research and Development (ORD) of EPA also
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moved quickly to broaden its ongoing PM research activities by developing, in partnership with
other Federal agencies, a coordinated interagency PM research program. This interagency
program has focused and continues to focus mainly on expanding scientific knowledge of
ambient PM exposure and health effects, as well as on developing improved monitoring methods
and cost-effective mitigation strategies. The interagency effort also promotes substantially
expanded coordination with other research organizations, including the Health Effects Institute
(HEI) and other state-, university-, and industry-sponsored research groups. Beginning in the
fall of 1997, public participation was and continues to be encouraged through workshops and
review of EPA’s PM Research Program documentation.

In response to Congressional requirements in EPA’s Fiscal Year 1998 Appropriation, the
NRC established its Committee on Research Priorities for Airborne Particulate Matter in January
1998. This NRC PM Research Committee’s charge was to identify the most important research
priorities relevant to setting primary (health-based) PM NAAQS, to develop a conceptual plan
for PM research, and to monitor EPA’s research progress toward improved understanding of the
relationship between PM and public health. The NRC PM Research Committee issued a series
of reports (National Research Council, 1998, 1999, 2001) which recommended that expanded
PM research efforts be planned and carried out in relation to a general conceptual framework,
as shown in Figure 1-1. That framework essentially calls for research aimed at (a) identifying
sources of airborne particles or gaseous precursor emissions and characterization of processes
involved in atmospheric transformation, transport, and fate of ambient PM; (b) delineating
temporal and spatial patterns of air quality indicators (e.g., PM, 5, PM,, s, PM,, mass
concentrations) of ambient PM and apportionment of observed variations in such ambient PM
indicators to various emission sources; (c¢) characterizing human exposures to ambient PM as
one important component of total personal exposure to particles, as modified by time-activity
patterns and varying microenvironmental exposure to particles of indoor or ambient origin;

(d) characterizing resulting respiratory tract deposition, clearance, retention, and disposition of
inhaled particles, as determinants of dose to target tissues (e.g., locally in the lungs or via
systemic translocation to the heart or other organs); and (e) delineating of mechanisms of

damage and repair plausibly leading to (f) human health responses, as extrapolated from or
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Sources of Airborne Indicator in Ambient
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o . Tissues Response

Emissions Concentration)
Mechanisms determining emissions, Human time-activity Deposition, Mechanisms of
chemical transformation (including patterns, indoor (or clearance, retention damage and repair
formation of secondary particles from microenviornmental) and disposition of
gaseous precursors), and sources and sinks of particulate matter
transport in air particulate matter presented to

an individual

Figure 1-1. A general framework for integrating PM research. Note that this figure is
not intended to represent a framework for research management. Such a
framework would include multiple pathways for the flow of information.

Source: National Research Council (2001).

quantified by experimental animal or human exposure (toxicology) studies and/or observational
(epidemiology) studies.

Research conducted under a PM Research Program structured in relation to the conceptual
framework shown in Figure 1-1 would be expected to (a) reduce key scientific uncertainties
regarding interrelationships between PM sources, ambient concentrations, exposures, dose to
target tissues, and resulting health effects and thereby (b) improve the scientific underpinnings
for both current and future periodic PM NAAQS reviews. Table 1-1 highlights some types of
key uncertainties identified by the NRC PM Research Committee in relation to elements of the
source-to-response conceptual framework illustrated in Figure 1-1. The NRC Committee went
on to delineate a series of 10 research topics that they recommended be addressed by an
expanded PM research program aimed at answering a set of broadly stated questions, as shown
in Table 1-2.

The EPA PM Research Program, structured to address topics shown in Table 1-2, has
encompassed studies to improve understanding of the formation and composition of fine PM,
to improve the measurement and estimation of population exposures to ambient PM, to delineate
characteristics or components of PM that are responsible for its health effects, to evaluate factors

that increase susceptibility to PM effects in some subpopulations, and to elucidate mechanisms
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TABLE 1-1. KEY SCIENTIFIC UNCERTAINTIES RELATED TO THE
SOURCE-TO-RESPONSE FRAMEWORK

Source —— Concentration (or other indicator)

¢ Contribution of various emission sources to ambient and indoor particulate matter concentrations

¢ Relative contribution of various sources to the most toxic components of particulate matter

Concentration (indicator) — Exposure

¢ Relationship between ambient (indoor) particulate matter and the composition of particles to
which people are exposed

¢ Contribution of ambient particulate matter to total personal exposure for:

— Susceptible subpopulations
— General population

e Variation in relationship of ambient particulate matter concentrations to human exposure by place

e Variation in contribution of ambient particulate matter concentrations to total human exposure
over time

¢ Covariance of particulate matter exposures with exposures to other pollutants

¢ Relationships between outdoor ambient and personal exposures for particulate matter
and co-pollutants

Exposure —— Dose

¢ Relationship between inhaled concentration and dose of particulate matter and constituents at
the tissue level in susceptible subjects

— Asthma

— Chronic obstructive pulmonary disease (COPD)
— Heart disease

— Age: infants and elderly

— Others

Dose — Response

¢ Mechanisms linking morbidity and mortality to particulate matter dose to or via the lungs

— Inflammation
— Host defenses
~ Neural mechanisms

Source: National Research Council (2001).
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TABLE 1-2. RESEARCH TOPICS AND QUESTIONS RECOMMENDED BY
NATIONAL RESEARCH COUNCIL (NRC) TO BE ADDRESSED BY EXPANDED
PM RESEARCH PROGRAM

RESEARCH TOPIC 1. OUTDOOR MEASURES VERSUS ACTUAL HUMAN EXPOSURES

e What are the quantitative relationships between concentrations of particulate matter and gaseous
co-pollutants measured at stationary outdoor air monitoring sites and the contributions of these
concentrations to actual personal exposures, especially for subpopulations and individuals?

RESEARCH TOPIC 2. EXPOSURES OF SUSCEPTIBLE SUBPOPULATIONS TO TOXIC
PARTICULATE MATTER COMPONENTS

o What are the exposures to biologically important constituents and specific characteristics of particulate
matter that cause responses in potentially susceptible subpopulations and the general population?

RESEARCH TOPIC 3. CHARACTERIZATION OF EMISSION SOURCES

o What are the size distribution, chemical composition, and mass-emission rates of particulate matter emitted
from the collection of primary-particle sources in the United States, and what are the emissions of reactive
gases that lead to secondary particle formation through atmospheric chemical reactions?

RESEARCH TOPIC 4. AIR-QUALITY MODEL DEVELOPMENT AND TESTING

o What are the linkages between emission sources and ambient concentrations of the biologically important
components of particulate matter?

RESEARCH TOPIC 5. ASSESSMENT OF HAZARDOUS PARTICULATE MATTER
COMPONENTS

e What is the role of physicochemical characteristics of particulate matter in eliciting adverse health effects?

RESEARCH TOPIC 6. DOSIMETRY: DEPOSITION AND FATE OF PARTICLES IN THE
RESPIRATORY TRACT

o What are the deposition patterns and fate of particles in the respiratory tract of individuals belonging to
presumed susceptible subpopulations?

RESEARCH TOPIC 7. COMBINED EFFECTS OF PARTICULATE MATTER AND GASEOUS
POLLUTANTS

o How can the effects of particulate matter be disentangled from the effects of other pollutants? How can the
effects of long-term exposure to particulate matter and other pollutants be better understood?

RESEARCH TOPIC 8. SUSCEPTIBLE SUBPOPULATIONS

e What subpopulations are at increased risk of adverse health outcomes from particulate matter?

RESEARCH TOPIC 9. MECHANISMS OF INJURY

e What are the underlying mechanisms (local pulmonary and systemic) that can explain the epidemiologic
findings of mortality/morbidity associated with exposure to ambient particulate matter?

RESEARCH TOPIC 10. ANALYSIS AND MEASUREMENT

o To what extent does the choice of statistical methods in the analysis of data from epidemiologic studies
influence estimates of health risks from exposures to particulate matter? Can existing methods be
improved? What is the effect of measurement error and misclassification on estimates of the association
between air pollution and health?

Source: National Research Council (2001).
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by which these effects are produced. The results from these efforts, and related efforts by other
Federal agencies and the general scientific community during the past several years, have

substantially enhanced the scientific and technical bases for future decisions on the PM NAAQS.

1.2 CURRENT PM CRITERIA AND NAAQS REVIEW

1.2.1 Key Milestones and Procedures for Document Preparation

As with other NAAQS reviews, critical assessment of relevant scientific information is
presented in this updated PM AQCD. Key milestones in the development of the present PM
AQCD are shown in Table 1-3 and discussed below. It is important to note that development of
the document involved substantial external peer and public review through (a) public workshops
involving the general aerosol scientific community, (b) iterative reviews of successive drafts by
CASAC, and (c) comments from the public on successive drafts. This final document reflects
extensive external input received through these reviews and serves to ensure that the review of
the PM standards is based on critical assessment of the latest available pertinent science.

The procedures for developing this updated PM AQCD built on the experience derived
from the most recent previous PM, Ozone, and CO AQCD preparation efforts. Briefly, the
respective responsibilities for production of the present PM AQCD are as follows. An NCEAT
RTP PM Team was responsible for developing and implementing a project plan for preparing the
PM AQCD, taking into account inputs from individuals in other EPA program and policy offices
identified as part of the EPA PM Work Group. The resulting project plan (i.e., the PM
Document Development Plan) was discussed with CASAC in May 1998 and was appropriately
revised. A literature search was ongoing throughout the preparation of this document to identify,
to the extent possible, all pertinent PM literature published since early 1996. Additionally, EPA
published in the Federal Register (1) a request for information asking for recently available
research information on PM that may not yet be published and (2) a request for individuals with
the appropriate type and level of expertise to contribute to the writing of PM AQCD materials to
identify themselves (U.S. Environmental Protection Agency, 1998b). The specific authors of

chapters or sections of the proposed document were selected on the basis of their expertise on
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TABLE 1-3. KEY MILESTONES IN THE DEVELOPMENT OF THIS DOCUMENT

Key Milestones

Dates

PM NAAQS Review Plan to CASAC

Prepare AQCD Development Plan

Begin Literature Search

Federal Register Call for Information/Sources Sought
CASAC Meeting on PM AQCD Development Plan
Prepare Workshop Drafts of Chapters

Peer Review Workshop

Prepare First External Review Draft PM AQCD

First External Review Draft PM AQCD

Public Comment Period on First Draft

CASAC Meeting on First Draft

Second External Review Draft PM AQCD

Public Comment Period on Second Draft

CASAC Meeting on Second Draft

Third External Review Draft PM AQCD

Public Comment Period on Third Draft

CASAC Meeting on Third Draft

Fourth External Review Draft PM AQCD

Public Comment Period on Fourth Draft

CASAC Meeting on Fourth Draft

CASAC Consultation on Proposed Revisions to Chapter 9
CASAC Consultation on Revisions to Chapters 7 and 8
Revised Draft Chapters 7 and 8

Public Comment Period on Revised Draft Chapters 7 and 8
CASAC Teleconference Review of Revised Draft Chapters 7 and 8
Revised Draft Chapters 7, 8 and 9

Public Comment Period on Revised Draft Chapters 7, 8 and 9
CASAC Meeting on Revised Draft Chapters 7, 8 and 9
Revised Draft Chapter 9

Public Comment Period on Revised Chapter 9

CASAC Review of Revised Chapter 9

Final PM AQCD

October 1997
November 1997 to January 1998
February 1998

April 1998

May 1998

May to December 1998
April 1999

March to September 1999
October 1999

October 1999 to January 2000
December 1999

March 2001

April to July 2001

July 2001

April 2002

May to July 2002

July 2002

June 2003

June to August 2003
August 2003

October 2003
November 2003
December 2003
January 2004

February 2004

June 2004

July 2004

July 2004

August 2004
September 2004
September 2004
October 2004
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the subject areas and their familiarity with the relevant literature; and these included both EPA
and non-EPA scientific experts. The project team defined critical issues and topics to be
addressed by the authors and provided direction in order to emphasize evaluation of those
studies most clearly identified as important for standard setting. It should be noted that materials
contributed by non-EPA authors were, at times, modified by EPA PM Team staff in response to
internal and/or external review comments, e.g., by the public or CASAC, and that EPA is
responsible for the ultimate content of this PM AQCD.

The main focus of this document is the evaluation and interpretation of pertinent
atmospheric science information, air quality data, human exposure information, and health and
welfare effects information newly published since that assessed in the 1996 PM AQCD. Initial
draft versions of AQCD chapters were evaluated via expert peer-review workshop discussions
and/or written peer reviews that focused on the selection of pertinent studies to be included in
the chapters, the potential need for additional information to be added to the chapters, and the
quality of the characterization and interpretation of the literature. The authors of the draft
chapters then revised them on the basis of workshop and/or written expert review comments.
These and other integrative materials were incorporated into the First External Review Draft of
the PM AQCD (October 1999), which was made available for public comment and was the
subject of consultation with CASAC at a December 1999 public meeting.

In order to foster timely presentation and publication of newly emerging PM research
findings, EPA cosponsored and helped to organize an Air and Waste Management Association
International Speciality Conference, entitled “PM 2000: Particulate Matter and Health,” held in
January 2000 in Charleston, SC. The conference was cosponsored in cooperation with several
other government agencies and/or private organizations that also fund PM research. Topics
covered included new research results concerning the latest advances in PM atmospheric
sciences (e.g., PM formation, transport, transformation), PM exposure, PM dosimetry and
extrapolation modeling, PM toxicology (e.g., mechanisms, laboratory animal models, human
clinical responses), and PM epidemiology. The main purpose of the conference was to facilitate
having the latest scientific information available in time for incorporation as quickly as possible

into the Second External Review Draft of the PM AQCD. Hence, arrangements were made for
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scientists to submit written manuscripts on papers or posters presented at the PM 2000
Conference for expedited peer-review by several major journals, so that decisions on acceptance
for publication could be made by mid-2000. The evaluations and findings set forth in the
Second External Review Draft (March 2001) included consideration of such published PM 2000
papers, as well as extensive additional information published elsewhere since that addressed in
the First External Review Draft. The Second External Review Draft was made available for
public comment and was reviewed by CASAC at a July 2001 public meeting.

Further revisions were then incorporated into the Third External Review Draft (April 2002)
to reflect both public comment and CASAC review of the Second Draft, as well as assessment of
additional extensive new information published since that addressed in the Second Draft.

Shortly after EPA released the Third External Review Draft in May 2002 for public comment
and CASAC review, the HEI announced that researchers at Johns Hopkins University had
discovered problems with applications of statistical software used in a number of important
epidemiologic studies on links between ambient air PM and mortality and morbidity effects.
The Third External Review Draft was reviewed by CASAC at a July 2002 public meeting,
although it was recognized that discussion of the epidemiology information would need to be
further revised after the newly surfaced statistical issues were appropriately addressed.

In response to the surfacing of such statistical issues, which affected numerous PM time-series
studies that used General Additive Models (GAM) and were published post-1995, EPA took
steps in consultation with CASAC to identify particularly policy-relevant studies and to
encourage researchers to reanalyze affected studies and to submit them expeditiously for peer
review by a special expert panel convened by HEI. The results of reanalyses for more than
30 studies were peer-reviewed and published, along with commentary by the HEI expert peer-
review panel, in an HEI Special Report (Health Effects Institute, May 2003).

Discussion of the newly addressed statistical issues and reanalyses results was incorporated
into the Fourth External Review Draft (June 2003), which was made available for public
comment and was reviewed by CASAC at an August 2003 public meeting. The Fourth Draft
also incorporated changes made in response to earlier public comments and CASAC reviews,

including pertinent peer-reviewed literature published or accepted for publication mainly
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through April 2002. CASAC completed its review of Chapters 1 through 6 of the Fourth Draft
PM AQCD at the August 2003 meeting, but comments on the remaining chapters (7, 8, and 9)
were judged to warrant further revision and review of those chapters. EPA subsequently
consulted with CASAC and made available revised Chapters 7, 8, and 9 for public comment and
CASAC review, as indicated in Table 1-3. The CASAC completed its review in September,
2004, as indicated in an October 4, 2004 letter (Hopke, 2004) to the EPA Administrator.
Revisions made in response to final CASAC and public comments were then incorporated by the
NCEA-RTP PM team, as appropriate, into this final 2004 PM AQCD (U.S. Environmental
Protection Agency, 2004) released in October, 2004.

1.2.2 Assessment Approaches

The assessment presented in this document is framed by: (1) the selection of pertinent
issues to be addressed; (2) the selection of relevant studies and an approach to the presentation of
information drawn from those studies; and (3) the selection of an approach to interpreting and
integrating the body of evidence evaluated in the document.

As an initial matter, the NCEA-RTP PM team focused on selecting pertinent issues to be
addressed in this assessment. Preliminary issues were drawn from among those highlighted in
the 1996 PM AQCD and Staff Paper and in CASAC and public reviews of those documents,
the 1997 PM NAAQS promulgation process, and the 1998 PM Health Risk Research Needs
Document (U.S. Environmental Protection Agency, 1998a). Further identification and
refinement of issues resulted from the NRC review and reports on PM research priorities,
as discussed in Section 1.1.5 above. The CASAC review of the PM AQCD Development Plan
and public comments on early draft AQCD materials at various stages of their development also
provided important inputs regarding issue identification. The issues selected are reflected
throughout this document and are most concisely identified in the introductory section at the
beginning of each of the ensuing chapters.

The selection of relevant studies to be included in this assessment was based on a detailed
review of new research published in the peer-reviewed literature since early 1996, including

materials accepted for publication mainly through April 2002 (and, thus, appearing mostly
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during 2002). Limited coverage of some more recent studies is also included as deemed
appropriate in light of their special importance. For example, information derived from the HEI
Special Report (Health Effects Institute, May 2003), discussed above in Section 1.2.1, has been
integrated into this assessment. Literature discussed in detail in the 1996 PM AQCD (U.S.
Environmental Protection Agency, 1996a) generally is not discussed in depth in this document;
rather key findings from the 1996 review are concisely summarized as appropriate. Limited
treatment is included, however, for some earlier studies judged to be of particular importance in
this review of the PM NAAQS. Key literature is summarized in tables, whereas text discussions
focus mainly on evaluation and integration of the literature, including discussion of alternative
points of view where scientific controversy exists. This approach to study selection and
presentation reflects recommendations from CASAC aimed at development of a more concise
document than the 1996 PM AQCD.

The scientific assessments presented in this document are primarily driven by the large
body of available epidemiologic evidence evaluating associations between ambient PM, alone
and in combination with other air pollutants, and various health endpoints. In such a case, an
approach to interpreting the evidence most fundamentally focuses on characterizing the causal
significance of observed associations. In so doing, it is appropriate to consider various aspects
of the evidence of associations, in particular drawing from those presented earlier in Hill’s
classic monograph (Hill, 1965) and extensively used by the scientific community in conducting
such evidence-based reviews, e.g., in the 2004 Surgeon General’s Report on smoking (Centers
for Disease Control and Prevention, 2004). As discussed in Chapters 8 and 9, a number of these
aspects are judged to be particularly salient in evaluating the body of evidence available in this
review, including the aspects described by Hill as strength, consistency, temporality, biologic
gradient, experiment, plausibility, and coherence. These interrelated aspects are considered in
the evaluation of epidemiologic evidence presented in Chapter 8 and are also more broadly

addressed in the Chapter 9 integrative synthesis.
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1.3 DOCUMENT ORGANIZATION

This document is basically organized to assess information related to topics along the same
flow of issues presented in the NRC conceptual framework shown in Figure 1-1, including
information related to effects on both human health and the environment. The document
consists of nine chapters presented in two volumes. Volume I contains this general introduction
(Chapter 1), as well as Chapters 2 through 5. Chapters 2 and 3 provide background information
on the physical and chemical properties of PM and related compounds; sources and emissions;
atmospheric transport, transformation, and fate of PM; methods for the collection and
measurement of PM; and U.S. ambient air PM concentrations. Chapter 4 assesses welfare-
related PM effects on vegetation and ecosystems, visibility, and man-made materials, as well as
climate-related effects (including effects on atmospheric transmission of solar radiation), and it
includes limited information on economic impacts of some welfare effects. Chapter 5 discusses
factors affecting exposure of the general population to ambient PM.

The second volume contains Chapters 6 through 9. Chapter 6 assesses information
concerning dosimetry of inhaled particles in the respiratory tract. Chapter 7 assesses the
toxicology of specific types of PM constituents and potential mechanisms of action, based
primarily on laboratory animal studies and controlled human exposure studies. Chapter 8
assesses the epidemiologic literature. Lastly, Chapter 9 integrates key information on PM-
related health effects, drawing from assessments in prior chapters of the literature on exposure,
dosimetry, toxicology, and epidemiology, as well as highlighting key information regarding

important welfare effects associated with ambient PM.
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2. PHYSICS, CHEMISTRY, AND MEASUREMENT
OF PARTICULATE MATTER

Chapter 3 of the 1996 EPA document Air Quality Criteria for Particulate Matter (1996 PM
AQCD:; U.S. Environmental Protection Agency, 1996a) contained an extensive review of the
physics and chemistry of airborne particulate matter (PM). Chapter 2 of this revised version of
the PM AQCD also provides background information on the physics and chemistry of
atmospheric particles, information useful in understanding the subsequent chapters. The
chapters in this document are organized to generally follow the sequence of key elements that
make up the risk assessment framework described in Chapter 1 (Section 1.2.2) beginning with
sources and continuing to effects as shown in Figure 1-1. Thus, this chapter discusses new
background information useful in evaluating PM effects on human health and welfare and in
preparing related risk assessments used to support PM standard-setting decisions. Information
important for implementation of PM standards, but not essential to the standard setting process,
is not the focus in this chapter. The reader is referred to the NARSTO (North American
Research Strategy for Tropospheric Ozone) Fine Particle Assessment (NARSTO, 2003) for
information relevant to air quality management for PM.

Unlike other criteria pollutants (O,, CO, SO,, NO,, and Pb), PM is not a specific chemical
entity but is a mixture of particles from different sources and of different sizes, compositions,
and properties. Emphasis is placed here on discussion of differences between fine and coarse
particles and differences between ultrafine particles and accumulation-mode particles within fine
particles.

Since PM is defined quantitatively by measurement techniques, it will be useful to discuss
our understanding of the relationships between PM suspended in the atmosphere, PM inhaled by
people, and PM measured by various sampling and analytical techniques. Chapter 4 of the 1996
PM AQCD (U.S. Environmental Protection Agency, 1996a) contained a review of the state of
the art of PM measurement technology. Since that time, considerable progress has been made in
understanding problems in the measurement of PM mass, chemical composition, and physical
parameters. Progress has also been made in developing new and improved measurement

techniques, especially for continuous measurements. Therefore, a more extensive survey on
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measurement problems and on newly developed measurement techniques is included here in
Section 2.2. For more detail and older references, the reader is referred to Chapters 3 and 4 of

the 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a).

2.1 PHYSICS AND CHEMISTRY OF PARTICULATE MATTER
2.1.1 Basic Concepts

Atmospheric particles originate from a variety of sources and possess a range of
morphological, chemical, physical, and thermodynamic properties. Examples of atmospheric
particles include combustion-generated particles, such as diesel soot or fly ash; photochemically
produced particles, such as those found in urban haze; salt particles formed from sea spray; and
soil-like particles from resuspended dust. Some particles are liquid; some are solid. Others may
contain a solid core surrounded by liquid. Atmospheric particles contain inorganic ions, metallic
compounds, elemental carbon, organic compounds, and crustal compounds. Some atmospheric
particles are hygroscopic and contain particle-bound water. The organic fraction is especially
complex, containing hundreds (probably thousands) of organic compounds. (See Appendix 3C
for information on the composition of the organic fraction and the concentration of specific
organic compounds.) Primary particles are emitted directly from sources; whereas secondary
particles are formed from gases through chemical reactions in the atmosphere involving
atmospheric oxygen (0O,) and water vapor (H,0O); reactive species such as ozone (O;); radicals
such as the hydroxyl (¢OH) and nitrate (¢NO,) radicals; and pollutants such as sulfur
dioxide (SO,), nitrogen oxides (NOy), and organic gases from natural and anthropogenic
sources. The particle formation process includes nucleation of particles from low-vapor pressure
gases emitted from sources or formed in the atmosphere by chemical reactions, condensation of
low-vapor pressure gases on existing particles, and coagulation of particles. Thus, any given
particle may contain PM from many sources. Because a particle from a given source is likely to
be composed of a mixture of chemical components and because particles from different sources
may coagulate to form a new particle, atmospheric particles may be considered a mixture of
mixtures. The composition and behavior of particles are fundamentally linked with those of the
surrounding gas. An aerosol may be defined as a suspension of solid or liquid particles in air.

The term aerosol includes both the particles and all vapor or gas phase components of air.
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However, the term aerosol is sometimes used to refer to the suspended particles only. In this
document, “particulate” is used only as an adjective, as in particulate matter.

A complete description of the atmospheric aerosol would include an accounting of the
chemical composition, morphology, and size of each particle, as well as the relative abundance
of each particle type as a function of particle size (Friedlander, 1970). However, the physical
and chemical characteristics of particles are usually measured separately. Size distributions by
particle number used to calculate surface area and volume distributions often are determined by
physical means, such as electrical mobility, acrodynamic behavior, or light scattering. Chemical
composition usually is determined by analysis of collected samples, although some species can
be measured in situ. The mass and average chemical composition of particles segregated
according to aecrodynamic diameter by cyclones or impactors can also be determined. However,
recent developments in single particle analysis techniques by electron microscopy with X-ray
analysis of single particles (but not agglomerates) collected on a substrate or by mass
spectroscopy of individual suspended particles provide elemental composition of individual
particles by particle size and, thus, are bringing the description envisioned by Friedlander closer

to reality.

2.1.2  Physical Properties and Processes
2.1.2.1 Definitions of Particle Diameter

The diameter of a spherical particle may be determined by optical or electron microscopy,
by light scattering and Mie theory, by its electrical mobility, or by its aerodynamic behavior.
However, atmospheric particles often are not spherical. Therefore, their diameters are described
by an “equivalent” diameter (i.e., the diameter of a sphere that would have the same physical
behavior). An optical diameter is the diameter of a spherical particle, with the same refractive
index as the particle used to calibrate the optical particle sizer, that scatters the same amount of
light into the solid angle measured. Diffusion and gravitational settling are important physical
behaviors for particle transport, collection, and removal processes, including deposition in the
respiratory tract. Different equivalent diameters are used depending on which process is more
important. For smaller particles, diffusion is more important and the Stokes diameter is often
used. For larger particles, gravitational setting is more important and the aerodynamic diameter

1s often used.
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The Stokes diameter, D,, describes particle size based on the aerodynamic drag force
imparted on a particle when its velocity differs from that of the surrounding fluid. For a smooth,
spherically shaped particle, D, exactly equals the physical diameter of the particle. For
irregularly shaped particles, D, is the diameter of an equivalent sphere that would have the same
aerodynamic resistance. Electrical mobility analyzers classify particles according to their
electrical mobility. Particles of equal Stokes diameters that carry the same electric charge will
have the same electrical mobility. Hence, for spherical particles, the electrical mobility diameter
would equal the Stokes diameter. The mobility diameter can be considered the diameter of a
spherical particle that would have the same electrical mobility. The particle mobility can be
related to the particle diffusion coefficient and Brownian diffusion velocity through the Stokes-
Einstein equation. Thus, the Stokes diameter is the appropriate parameter for particle behavior
governed by diffusion. The Stokes diameter, D,, is used in size distributions based on light
scattering and mobility analysis. The Stokes diameter is independent of density.

The aerodynamic diameter, D,, however, depends on particle density. It is defined as the
diameter of a spherical particle with an equal gravitational settling velocity but a material density
of 1 g/em®. Cascade impactors separate particles based on their aerodynamic diameter, and
aerodynamic particle sizers measure the aerodynamic diameter. Respirable, thoracic, and
inhalable sampling and PM, 5 and PM,, sampling are based on particle aerodynamic diameter.
For particles greater than about 0.5 um, the aerodynamic diameter is generally the quantity of
interest. For smaller particles, the Stokes diameter may be more useful. Particles with the same
physical size and shape but different densities will have the same Stokes diameter but different
aerodynamic diameters.

The aerodynamic diameter, D,, is related to the Stokes diameter, D,, by:

pCp 172
D, =D, ( c j (2-1)

a

where p is the particle density, and C, and C, are the Cunningham slip factors evaluated for the
particle diameters D, and D, respectively. The slip factor is a function of the ratio between
particle diameter and mean free path of the suspending gas (0.066 um for air at one atmosphere

pressure and 20 °C). C is an empirical factor that accounts for the reduction in the drag force on



particles due to the “slip” of the gas molecules at the particle surface. C is an important factor
for particles less than 1 pm in diameter, for which the surrounding air cannot be modeled by a
continuous fluid. For large particles (D, > 5 um) C = 1; while for smaller particles C > 1.

For particles with diameters greater than the mean free path, A, the acrodynamic diameter

given by equation (2-1) is approximated by:

D,= D, (p)” (forD, > 1) (2-2)

This expression, which shows that aerodynamic diameter is directly proportional to the square
root of the particle density, is often used for particles as small as 0.5 um. For particles with
diameters much smaller than the mean free path, the slip factor must be taken into account.

In this case, the aerodynamic diameter is directly proportional to the particle density,

D,=(p)D, (forD, < 1) (2-3)

Detailed definitions of the various sizes and their relationships are given in standard aerosol
textbooks (e.g., Friedlander [2000], Reist [1984, 1993], Seinfeld and Pandis [1998], Hinds
[1999], Vincent [1989, 1995], Willeke and Baron [1993], Baron and Willeke [2002], and Fuchs
[1964, 1989]).

2.1.2.2 Aerosol Size Distributions

Particle size, as indexed by one of the “equivalent” diameters, is an important parameter in
determining the properties, effects, and fate of atmospheric particles. The atmospheric
deposition rates of particles and, therefore, their residence times in the atmosphere are a strong
function of their Stokes and aerodynamic diameters. Particle diameters also influence the
deposition patterns of particles within the lung. Because light scattering is strongly dependent
on the optical particle size, the amount of light scattering per unit PM mass will be dependent on
the size distribution of atmospheric particles. Therefore, the effects of atmospheric particles on

visibility, radiative balance, and climate will be influenced by the size distribution of the
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particles. Studies using cascade impactors or cyclones measure the particle-size distribution
directly in aerodynamic diameter. The diameters of atmospheric particles range from 1 nm to
100 pm, spanning 5 orders of magnitude. A variety of different instruments, measuring a variety
of equivalent diameters, are required to cover this range.

Older particle counting studies used optical particle counters to cover the range of 0.3 to
30 um diameter. Diameters of particles below 0.5 pm were measured as mobility diameters.
The particle diameters used in size distribution graphs from these studies usually are given as
physical or Stokes diameters rather than aerodynamic diameters. In recent years, aerodynamic
particle sizers have been developed that give a direct measurement of the aerodynamic diameter
in the range of approximately 0.7 to 10 pm diameter. These instruments have been used with
electrical mobility analyzers that measure the mobility diameter of particles from 3 nm to
approximately 0.5 pum (McMurry, 2000). Unfortunately, there is no agreed-upon technique for
combining the various equivalent diameters. Some workers use various assumptions to combine
the various measurements into one presentation; others report each instrument separately.
Therefore, the user of size distribution data should be careful to determine exactly which

equivalent diameter is reported.

Particle Size Distribution Functions

The distribution of particles with respect to size is an important physical parameter
governing particle behavior. Because atmospheric particles cover several orders of magnitude in
particle size, size distributions often are expressed in terms of the logarithm of the particle
diameter on the X-axis and the measured differential concentration on the Y-axis:
AN/A(logD,) = the number of particles per cm’ of air having diameters in the size range from
log D, to log(D, + AD,). Because logarithms do not have dimensions, it is necessary to think
of the distribution as a function of log(D,/D,,), where the reference diameter D, = 1 um is
not explicitly stated. If AN/A(logD,) is plotted on a linear scale, the number of particles
between D, and D, + AD, is proportional to the area under the curve of AN/A(logD,) versus
logD,. Similar considerations apply to distributions of surface, volume, and mass. When

approximated by a function, the distributions are usually given as dN/d(log D,) rather than

AN/A(log D,).
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Atmospheric Aerosol Size Distributions

Whitby (1978) published an analysis of over 1,000 particle size distributions measured at
various locations in the United States. Figure 2-1 shows the number, surface area, and volume
distributions for the grand average continental size distribution. Volume, surface area, and
number distributions are plotted on an arithmetic scale such that the volume, surface area, or
number of particles in any specified size range is proportional to the corresponding area under
the curve. These distributions show that most of the particles are quite small, below 0.1 pm;
whereas most of the particle volume (and therefore most of the mass) is found in particles

(Whitby, 1978; Whitby and Sverdrup, 1980). Figures 2-2a and 2-2b describe the number of

> 0.1 pm. Other averaged atmospheric size distributions are shown in Figures 2-2 and 2-3

particles as a function of particle diameter for rural, urban-influenced rural, urban, and freeway-
influenced urban aerosols. For some of the same data, the particle volume distributions are
shown in Figures 2-3a and 2-3b. Whitby (1978) observed that the size distributions typically
had three peaks which he called “modes.” The entire size distribution could be characterized
well by a trimodal model consisting of three additive log-normal distributions. The mode with a
peak between 5 and 30 pm diameter formed by mechanical processes was called the coarse
particle mode; the mode with a peak between 0.15 and 0.5 um formed by condensation and
coagulation was called the accumulation mode; and the mode with a peak between 0.015 and
0.04 pm whose size was influenced by nucleation as well as by condensation and coagulation
was called the transient nuclei or Aitken nuclei range, subsequently shortened to the nuclei
mode. The nuclei mode could be seen in the number and surface distribution but only in special
situations was it noticeable in the mass or volume distributions. The accumulation and nuclei
modes taken together were called fine particles. An experimental size distribution showing
modes and formation mechanisms is given in Figure 2-4. This size distribution was measured in
traffic. Therefore, the nuclei mode is clearly separated from the accumulation mode and larger

than it would be in size-distributions measured farther from sources of nuclei-mode particles.

Whitby (1978) concluded

“The distinction between ‘fine particles’ and ‘coarse particles’ is a fundamental
one. There is now an overwhelming amount of evidence that not only are two
modes in the mass or volume distribution usually observed, but that these fine and
coarse modes are usually chemically quite different. The physical separation of
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Figure 2-1. Distribution of coarse (¢), accumulation (a), and nuclei (n) mode particles by
three characteristics: (a) number, N; (b) surface area, S; and (¢) volume, V
for the grand average continental size distribution. DGV = geometric mean
diameter by volume; DGS = geometric mean diameter by surface area;
DGN = geometric mean diameter by number; D, = particle diameter.

Source: Whitby (1978).
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on a logarithmic scale to display the wide range by site and size; (b) number
concentrations for the average urban distribution are shown on a linear scale.
For the linear scale, the area under any part of the curve is proportional to

particle number in that size range.

Source: Whitby (1978); Whitby and Sverdrup (1980).

the fine and coarse modes originates because condensation produces fine particles
while mechanical processes produce mostly coarse particles . . . the dynamics of
fine particle growth ordinarily operate to prevent the fine particles from growing
larger than about 1 um. Thus, the fine and coarse modes originate separately, are
transformed separately, are removed separately, and are usually chemically
different . . . practically all of the sulfur found in atmospheric aerosol is found in
the fine particle fraction. Thus, the distinction between fine and coarse fractions is
of fundamental importance to any discussion of aerosol physics, chemistry,
measurement, or aerosol air quality standards.”

Whitby’s (1978) conclusions were based on extensive studies of size distributions in a
number of western and midwestern locations during the 1970s (Whitby et al., 1974; Willeke
and Whitby, 1975; Whitby, 1978; Wilson et al., 1977; Whitby and Sverdrup, 1980). No size
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Figure 2-3. Size distribution by volume for the averaged (a) rural and urban-influenced
rural number distribution shown in Figure 2-2a and a distribution from
south-central New Mexico, and (b) urban and freeway-influenced urban
number distributions shown in Figure 2-2a.

Source: Whitby and Sverdrup (1980); Kim et al. (1993) and south-central New Mexico.

distribution studies of similar scope have been published since then. Newer results from particle
counting and impactor techniques, including data from Europe (U.S. Environmental Protection
Agency, 1996a) and Australia (Keywood et al., 1999, 2000), show similar results for the
accumulation and coarse modes. Extensive measurements of particle size distributions, as part
of the EPA’s Supersites program, are providing considerable new data for analysis.

Whitby’s (1978) conclusions have held up remarkably well. However, ideas about the
sub-0.1 um diameter range have changed somewhat as newer instruments provided
measurements extending to smaller sizes and with greater resolution in size and time (McMurry

et al., 2000). Depending on the source, temperature, saturated vapor pressure of the components,
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Figure 2-4. Volume size distribution, measured in traffic, showing fine and coarse
particles and the nuclei and accumulation modes of fine particles. DGV
(geometric mean diameter by volume, equivalent to volume median diameter)
and o, (geometric standard deviation) are shown for each mode. Also shown
are transformation and growth mechanisms (e.g., nucleation, condensation,
and coagulation).

Source: Adapted from Wilson et al. (1977) and Wilson and Suh (1997).

and the age of the aerosol, size distributions have been observed with peaks (including multiple
peaks) throughout the sub-0.1 pm diameter size range. Sub-0.1 pm diameter peaks have been
observed in rural areas (O’Dowd, 2002) as well as for brief periods (nucleation bursts) in urban
areas (Woo et al., 2001a). Based on these and other observations, discussed in detail in

Section 2.1.2.3, aerosol scientists now classify particles in the sub-0.1 um size range as ultrafine
particles and divide this size range into a nucleation region (< 10 nm) and an Aitken (nuclei)

region (10 to 100 nm), as shown in Figure 2-5. Other studies, discussed in detail in the 1996 PM

2-11



2,000

& — .

£ —{ | Aitken Mode

5 15001

2

= -

% Nucleation —

& 1,000+ Mode

= _

(=] .

o Accumulation

)

S 5004+ Mode

ey

2

©
0 |_ | | | . | .
2 5 10 20 50 100 200 500 1,000

Particle Diameter Dy, (nm)
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Finland showing the trimodal structure of fine particles. The total particle
number concentration was 1,011 particles/cm’ (10-min average).

Source: Mikeld et al. (1997).

AQCD (U.S. Environmental Protection Agency, 1996a), have shown that in fog or clouds or at
very high relative humidities the accumulation mode may split into a larger size (more

hygroscopic or droplet) submode and a smaller size (less hygroscopic or condensation) submode.

Definitions of Particle Size Fractions

In the preceding discussion several subdivisions of the aerosol size distribution were
identified. Aerosol scientists use several different approaches or conventions in the
classification of particles by size. These include: (1) modes, based on the observed size
distributions and formation mechanisms; (2) dosimetry or occupational health sizes, based on the
entrance into various compartments of the respiratory system; and (3) cut point, usually based on
the 50% cut point of the specific sampling device, including legally specified, regulatory cut

points for air quality standards.
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Modal. The modal classification as first proposed by Whitby (1978) is shown in
Figures 2-1 and 2-4. The newer modes introduced since 1978 are shown in Figure 2-5.
An idealized distribution showing all four modes is shown in Figure 2-6. The nucleation and
Aitken modes are best observed in the number distribution. However, the Aitken mode can be
seen in the volume distribution in traffic or near traffic or other sources of ultrafine particles
(Figures 2-3b and 2-4). The observed modal structure is frequently approximated by several

lognormal distributions. Definitions of terms used to describe size distributions in modal terms

are given below.
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Figure 2-6. An idealized size distribution, that might be observed in traffic, showing fine
and coarse particles and the nucleation, Aitken, and accumulation modes that
comprise fine particles. Also shown are the major formation and growth
mechanisms of the four modes of atmospheric particles.
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Nucleation Mode: Freshly formed particles with diameters below about 10 nm, observed
during active nucleation events. The lower limit, where particles and molecular clusters or
large molecules overlap, is uncertain. Current techniques limit measurements to particles

3 nm or greater.

Aitken Mode: Larger particles with diameters between about 10 and 100 nm. The Aitken
mode may result from growth of smaller particles or nucleation from higher concentrations

of precursors.

Accumulation Mode: Particles with diameters from about 0.1 um to just above the

minimum in the mass or volume distributions which usually occurs between 1 and 3 pm.

Fine Particles: Fine particles include the nucleation, Aitken, and accumulation modes,
i.e., particles from the lowest measurable size, currently about 3 nm, to just above the

minimum in the mass or volume distribution which generally occurs between 1 and 3 pm.

Coarse Mode or Coarse Particles: Particles with diameters mostly greater than the
minimum in the particle mass or volume distributions, which generally occurs between

1 and 3 pm.

Ultrafine Particles: Ultrafine particles are not a mode. In the air pollution literature, they
are generally defined by size alone, i.e., particles with diameters of 0.1 pm (100 nm) or
less. They include the nucleation mode and much of the Aitken mode. They may also be
defined as particles whose properties differ from those of the bulk material because of their

small size.

Modes are defined primarily in terms of their formation mechanisms but also differ in

sources, composition, transport and fate, as well as in size. Nucleation mode applies to newly

formed particles which have had little chance to grow by condensation or coagulation. Aitken

mode particles are also recently formed particles that are still actively undergoing coagulation.

However, because of higher concentrations of precursors or more time for condensation and
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coagulation, Aitken particles have grown to larger sizes. Fine particles grow by coagulation
(two particles combining to form one) or by condensation (low-equilibrium vapor pressure gas
molecules condensing on a particle). As the particle size increases, the rate of growth by
coagulation and condensation decreases and particles “accumulate” in the accumulation mode
size range. Thus, accumulation-mode particles normally do not grow into the coarse particle
size range. However, during conditions of high relative humidity, hygroscopic accumulation
mode particles grow in size, increasing the overlap of fine and coarse particles. The
accumulation mode may split into a (hygroscopic) droplet mode and a (non-hygroscopic)
condensation mode. In addition, gas-phase pollutants may dissolve and react in the particle-
bound water of hygroscopic particles, leading to an increase in the dry size. The combination of
nucleation, Aitken, and accumulation modes are called fine particles (or sometimes fine-mode
particles). Fine particles are formed primarily by combustion or chemical reactions of gases
yielding products with low saturated vapor pressures. Fine particles are composed of metals
(and metal oxides), black or elemental carbon, primary and secondary organic compounds, and
sulfate, nitrate, ammonium and hydrogen ions.

The coarse mode refers to particles formed by the mechanical breakdown of minerals,
crustal material, and organic debris. In addition to primary minerals and organic material, the
coarse mode may include sea salt, nitrate formed from the reaction of nitric acid with sodium
chloride, and sulfate formed from the reaction of sulfur dioxide with basic particles. The
accumulation mode and the coarse mode overlap in the region between 1 and 3 pm (and
occasionally over an even larger range). In this region, the chemical composition of individual
particles can usually, but not always, allow identification of a source or formation mechanism,

permitting identification of a particle as belonging to the accumulation or coarse mode.

Occupational Health or Dosimetric Size Cuts. The occupational health community has
defined size fractions in terms of their entrance into various compartments of the respiratory
system. This convention classifies particles into inhalable, thoracic, and respirable particles
according to their upper size cuts. Inhalable particles enter the respiratory tract, beginning with
the head airways. Thoracic particles travel past the larynx and reach the lung airways and the
gas-exchange regions of the lung. Respirable particles are a subset of thoracic particles that are

more likely to reach the gas-exchange region of the lung. In the past, exact definitions of these
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terms have varied among organizations. As of 1993, a unified set of definitions was adopted by
the American Conference of Governmental Industrial Hygienists (ACGIH, 1994), the
International Standards Organization (ISO), and the European Standardization Committee
(CEN). The curves which define inhalable (IPM), thoracic (TPM), and respirable (RPM)
particulate matter are shown in Figure 2-7. These curves should not be taken to indicate that
particles >4 pm D, do not reach the gas exchange regions or that particles <4 um D, do not
deposit in the bronchi. See Figure 6-13 in Chapter 6 for a graphical characterization of particle

deposition in regions of the respiratory system as a function of particle size.
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Figure 2-7. Specified particle penetration (size-cut curves) through an ideal (no-particle-
loss) inlet for five different size-selective sampling criteria. Regulatory size
cuts are defined in the Code of Federal Regulations (PM,  [2001¢c], PM,,
[2001a]). PM, is also defined in the Federal Register (1997). Size-cut curves
for inhalable particulate matter (IPM), thoracic particulate matter (TPM)
and respirable particulate matter (RPM) size cuts are computed from
definitions given by American Conference of Governmental and Industrial
Hygienists (1994).
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Size-Selective Sampling. Another set of definitions of particle size fractions arises from
considerations of size-selective sampling. Size-selective sampling refers to the collection of
particles below or within a specified aecrodynamic size range. Size fractions are usually specified
by the 50% cut point size; e.g., PM, ; refers to particles collected by a sampling device that
collects 50% of 2.5 um particles and rejects 50% of 2.5 um particles. However, size fractions
are defined not merely by the 50% cut point, but by the entire penetration curve. Examples of
penetration curves are given in Figure 2-7. Thus, as shown by Figure 2-7, a PM, 5 sampler, as
defined by the Federal Reference Method, rejects 94% of 3 um particles, 50% of 2.5 um
particles, and 16% of 2 pm particles. Samplers with the same 50% cut point, but differently
shaped penetration curves, would collect different fractions of PM. Size-selective sampling has
arisen in an effort to measure particle size fractions with some special significance (e.g., health,
visibility, source apportionment, etc.), to measure mass size distributions, or to collect size-
segregated particles for chemical analysis. Dichotomous samplers split the particles into smaller
and larger fractions that may be collected on separate filters. However, some fine particles
(=10%) are collected with the coarse particle fraction. Cascade impactors use multiple size cuts
to obtain a distribution of size cuts for mass or chemical composition measurements. One-filter
samplers with a variety of upper size cuts are also used, e.g., PM, 5, PM,,.

An idealized particle size distribution with the normally observed division of ambient
aerosols into fine and coarse particles and the size fractions collected by the WRAC, TSP, PM,,,
PM, s and PM,, s samplers is shown in Figure 2-8. PM,, samplers, as defined in Appendix J to
Title 40 Code of Federal Regulations (40 CFR), Part 50 (Code of Federal Regulations, 2001a;
Federal Register, 1987), collect all of the fine-mode particles and part of the coarse-mode
particles. The upper cut point is defined as having a 50% collection efficiency at 10 £ 0.5 um
aerodynamic diameter. The slope of the collection efficiency curve is defined in amendments to
40 CFR, Part 53 (Code of Federal Regulations, 2001b).

An example of a PM, ; size-cut curve is also shown in Figure 2-7. The PM, , size-cut
curve, however, is defined by the design of the Federal Reference Method (FRM) sampler. The
basic design of the FRM sampler is given in the Federal Register (1997, 1998) and in 40 CFR,
Part 50, Appendix L (Code of Federal Regulations, 2001c). Additional performance
specifications are given in 40 CFR, Parts 53 and 58 (Code of Federal Regulations, 2001b,d).

In order to be used for measurement of PM,  to determine compliance with the PM, ; NAAQS,
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samplers. (WRAC is the Wide Range Aerosol Classifier which collects the
entire coarse mode [Lundgren and Burton, 1995].)

Source: Adapted from Wilson and Suh (1997) and Whitby (1978).

each specific sampler design and its associated manual of operational procedures must be
designated as a reference method under 40 CFR, Part 53 in Section 1.2 of Appendix L (Code of
Federal Regulations, 2001¢). Thus PM, ; FRM samplers may have somewhat different designs
(see Table 2-5 in Section 2.2.4.1.2).

Papers discussing PM,, or PM, ; frequently insert an explanation such as “PM, (particles
less than x um diameter)” or “PM, (nominally, particles with aerodynamic diameter < x um).”
While these explanations may seem easier than “PMy (particles collected with an upper 50% cut
point of x um aerodynamic diameter and a specified penetration curve),” they are not entirely

correct and may be misleading, because they imply an upper 100% cut point of x pm. Some
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countries use PM,, to refer not to samplers with a 50% cut at 10 um D,, but to samplers with

100% rejection of all particles greater than 10 um D,. Such samp
thoracic PM. An example is shown in Figure 2-9.
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Figure 2-9. Comparison of penetration curves for two PM,, b

eta gauge samplers using

cyclone inlets. The Wedding PM,, sampler uses the EPA definition of PM, as

X =50% cut point. The Kimoto PM,, defines PM

(or zero penetration).

Source: Tsai and Cheng (1996).

as x = the 100% cut point

PM,,, as defined by EPA, refers to particles collected by a sampler with an upper 50% cut

point of 10 um D, and a specific, fairly sharp, penetration curve. PM,  is analogously defined.

Although there is not yet an FRM, PM,, ; refers either to particles collected by a sampler with

an upper 50% cut point of 10 um D, and a lower 50% cut point of 2.5 um D, or to the difference

between the particle concentration measured by a PM,, monitor and a PM, 5 monitor. In all
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cases, the fraction of PM collected depends on the entire penetration curve (or curves); i.e., for
PM, 5 some particles > 2.5 um D, are collected and not all particles < 2.5 um D, are collected.

A PM,,, s size fraction may be obtained from a dichotomous sampler or by subtracting
the mass collected by a PM, ; sampler from the mass collected by a PM,, sampler. The
resulting PM,,, ; mass, or PM,, 5, is sometimes called “coarse” particles or “thoracic coarse”
particles. However, it would be more correct to call PM,, s an indicator of the thoracic
component of coarse particles (because it excludes some coarse particles below 2.5 um D, and
above 10 um D,). Also, PM, s should be considered an indicator of fine particles (because it
contains some coarse particles). It would also be appropriate to call PM,, an indicator of
thoracic particles. PM,, and thoracic PM, as shown in Figure 2-7, have the same 50% cut point.
However, the thoracic cut is not as sharp as the PM,, cut; therefore, thoracic PM contains some
particles between 10 and 30 pm diameter that are excluded from the PM,, fraction.

Over the years, the terms fine and coarse, as applied to particles, have lost the precise
meaning given in Whitby’s (1978) definition. In any given article, therefore, the meaning of fine
and coarse, unless defined, must be inferred from the author’s usage. In this document, “fine
particles” means all particles in the nucleation, Aitken, and accumulation modes; and “coarse
particles” means all particles in the coarse mode. Fine particles and PM, 5 are not equivalent

terms.

Selection of Cut Points for Regulatory Size Cuts

TSP. Regulatory size cuts are a specific example of size-selective sampling. Prior to
1987, the indicator for the NAAQS for PM was TSP. TSP is defined by the design of the High
Volume sampler (hivol) that collects all of the fine particles but only part of the coarse particles
(Figure 2-8). The upper cut-off size of the hivol depends on the wind speed and direction and
may vary from 25 to 40 pum. Newer PM samplers are usually designed to have an upper cut
point and its standard deviation that are independent of wind direction and relatively independent

of wind speed.
PM,, In 1987, the NAAQS for PM were revised to use PM,, rather than TSP, as the

indicator for the NAAQS for PM (Federal Register, 1987). The use of PM,, as an indicator is an

example of size-selective sampling based on a regulatory size cut (Federal Register, 1987). The
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selection of cut point characteristics depends upon the application for the sampling device.

A separation that simulates the removal of particles by the human upper respiratory system
would appear to be a good choice for both health risk and regulatory monitoring (i.e., it would
measure what gets into the lungs). The ACGIH-ISO-CEN penetration curve for thoracic
particles (particles able to pass the larynx and penetrate into the bronchial and alveolar regions of
the lung) has a 50% cut point at 10 pm aerodynamic diameter (D,). The selection of PM,, as an
indicator was based on health considerations and was intended to focus regulatory concern on
those particles small enough to enter the thoracic region of the human respiratory tract. The
PM,, is an indicator of thoracic particles and is a compromise between the desire to collect all
particles that might enter the thoracic regions and the need to design a sampler with a collection
efficiency independent of particle size or wind speed. As shown in Figure 2-7, the PM,,
penetration efficiency curve matches the definition for thoracic PM given by the American
Conference of Government and Industrial Hygienists (1994) very well except for a slight under-
collection of particles between 10 and 30 pm in diameter. While the U.S. PM,, separation curve
is sharper than the thoracic penetration curve, it has the advantage of reducing the problem of
maintaining the finite collection efficiency specified by the thoracic penetration curve for
particles larger than 10 um D,. (See Section 2.1.2.2 and Figure 2-7.)

Current PM,, samplers have upper cut points that are stable under normal operating
conditions. However, problems may occur under unusual or adverse conditions. Ono et al.
(2000) reported the results of a study in which several PM,, samplers were collocated and
operated at various sites at Owens Lake, CA, a location with high concentrations of coarse PM.
Samplers included the Partisol, the dichotomous, the Wedding high-volume, and the Graseby
high-volume samplers in addition to the tapered element oscillating microbalance (TEOM)
monitor. They found that the TEOM and Partisol samplers agreed to within 6%, on average.
The dichotomous sampler and the Graseby and Wedding high-volume samplers, however,
measured significantly lower PM,, concentrations than the TEOM (on average 10, 25, and 35%
lower, respectively). These lower concentrations were attributed to a decrease in the cut point at
higher wind speeds and to a dirty inlet. Since the 10 um cut point is on a part of the size
distribution curve where the concentration is changing rapidly, the amount of PM collected is

sensitive to small changes in the cut point. Therefore, the cut point needs to be specified very
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precisely and the balance between a design standard and a performance standard will need to be

considered to deal with this problem.

PM, ;: Cut Point for Separation of Fine and Coarse Particles. The PM, , standard set in
1997 is also an example of size-selective sampling based on a regulatory size cut (Federal
Register, 1997). The PM, ; standard was based primarily on epidemiologic studies using
concentrations measured with PM, ; samplers as an exposure index. However, the PM,  sampler
was not designed to collect all respirable particles; it was designed to separate fine and coarse
particles and to collect fine particles because of their different sources and properties (Whitby,
1978; Miller et al., 1979). Thus, the need to attain a PM, , standard tends to focus regulatory
concern on control of the sources of fine particles.

Fine and coarse particles differ not only in size but also in formation mechanisms, sources,
and chemical, physical, and biological properties. They also differ in concentration-exposure
relationships, dosimetry (deposition and retention in the respiratory system), toxicity, and health
effects as observed in epidemiologic studies. Thus, it is desirable to measure fine and coarse PM
separately in order to properly allocate health effects to either fine or coarse PM and to correctly
determine sources by receptor modeling approaches. For example, sulfates in fine particles are
associated with hydrogen or ammonium ions, while sulfates in coarse particles are associated
with basic metal ions. Transition metals in coarse particles are likely to be associated with soil
and tend to be less soluble (and presumably less bioavailable) than transition metals in fresh
combustion particles found in fine particles.

In the early 1970s, aerosol scientists were beginning to recognize the existence of a
minimum between 1 and 3 pm in the distribution of particle size by volume (Whitby et al.,
1974). However, the limited size distribution information available at that time (two
distributions with a minimum near 1 um and two with a minimum near 2.5 pm) did not permit a
unambiguous definition of the appropriate cut point size for the separation of the two modes.

A cut point of 2.5 pm was chosen for a new dichotomous sampler (Loo et al., 1976; Jaklevic

et al., 1977) designed for use in the Regional Air Pollution Study in St. Louis, MO. The 2.5 pm
cut point was subsequently used as an indicator of fine particles in a number of studies including
the Harvard Six-City Studies of the relationships between mortality and PM concentrations

(Dockery et al., 1993; Schwartz et al., 1996). In an analysis reported in 1979, EPA scientists
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endorsed the need to measure fine and coarse particles separately (Miller et al., 1979). Based on
the availability of a dichotomous sampler with a separation size of 2.5 pm D,, they
recommended 2.5 um D, as the cut point between fine and coarse particles. Because of the wide
use of this cut point, the PM, ; fraction is frequently referred to as “fine” particles. However,
although the PM, ; sample will contain most of the fine particles, except to a lesser extent during
conditions of high relative humidity, it may also collect a small fraction of the coarse particles,
especially in dry areas or during dry conditions. A 2.5 um cut point was also used in the
Inhalable Particle Network (Suggs and Burton, 1983), which provided data for another major
epidemiologic study of PM-mortality relationships using an American Cancer Society cohort
(Pope et al., 1995). Therefore, at the time of the last previous review of the NAAQS for PM
(U.S. Environmental Protection Agency, 1996a,b), a number of epidemiologic studies
demonstrating a statistical relationship between PM, s concentrations and mortality were
available.

During the previous review of the PM standards, EPA conducted an extensive review of
the cut point to be used for a fine particle standard, including consideration of PM, as an
alternative to PM, ;. The 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a)
contains a review of the available information on size distributions. As shown in Figure 2-10
(adapted from the 1966 PM AQCD; U.S. Environmental Protection Agency, 1996a), published
size distributions exhibit considerable variability in the intermodal region (1 to 3.0 pm
diameter). In Figure 2-10a, Philadelphia, very little mass is found in the intermodal region and it
is not clear whether it should be considered fine or coarse. In Figure 2-10b, Phoenix, a tail of the
coarse mode extends to 1 pm or below. These two size distributions were fit with three
lognormal distributions. However, the intermodal mode probably does not have physical
significance. In Figure 2.10c, Claremont, South Coast Basin, a size distribution is shown with
the accumulation mode split into a condensation mode and a droplet mode, which extends to
3.0 um or above (John et al., 1990). The droplet mode occurs under high relative humidity (RH)
conditions, usually with very high fine PM concentrations, and is believed to result from
reactions involving gases dissolving and reacting in the particle-bound water of the particle
droplets (Hering and Friedlander, 1982; McMurry and Wilson, 1983). Although Figure 2-10c
shows nitrate concentrations, similar distributions have been observed for sulfate (John et al.,

1990).
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Source: a and b, adapted from Lundgren and Hausknecht (1982); ¢, John et al. (1990).

2-24


cperry02
Note
Unmarked set by cperry02

cperry02
Note
Marked set by cperry02


It is now understood that the size range between 1.0 and 3.0 um, sometimes called the
intermodal region, may contain either accumulation-mode or coarse-mode material or both, i.e.,
the two modes may overlap in this region (Kegler et al., 2001). The experimental information on
the composition and source of the intermodal mass was discussed extensively in the 1996 PM
AQCD (U.S. Environmental Protection Agency, 1996a). Depending largely on the RH, a
significant amount of either accumulation- or coarse-mode material may be found in the
intermodal region between 1.0 and 3.0 pm. The analysis demonstrated the important role of
relative humidity in influencing the size of particles in both the accumulation and coarse modes.

As the RH increases, hygroscopic accumulation-mode particles will increase in size due to
accumulation of particle-bound water. At high RH, some originally submicrometer-sized
accumulation-mode PM may be found with a D, above 1 pum. At an RH of 100%, such as is
found in fog and clouds, accumulation-mode PM may extend above 2.5 um D,. What is not well
understood is whether such particles will shrink to diameters below 1 um as the RH decreases or
whether reactions occurring in the wet particles will result in an increase in nonaqueous mass, SO
that, even at low RH, the diameters would exceed 1 pum. On the other hand, at very low RH,
coarse particles may be fragmented into smaller sizes, and small amounts of coarse PM may be
found with an D, < 2.5 um (Lundgren et al., 1984; Lundgren and Burton, 1995). Thus, a PM, ,
sample will contain all of the accumulation-mode PM except during periods of high RH.
However, under low-RH conditions, it may also contain a small fraction of the coarse PM.

Considerations that led the EPA to choose to retain 2.5 um as the cut point for the
separation of fine and coarse particles included the following three points. First, epidemiologic
data showing statistical relationships between fine PM and health outcomes were based largely
on PM,,. Second, while PM, would exclude a tail of the coarse mode in some locations, in other
locations it would miss a portion of the fine PM. Since the growth of the droplet mode is
associated with very high fine PM concentrations, this would result in falsely low fine PM
measurements on days with the highest fine PM concentrations. Third, only limited data on the
concentration and composition of the intermodal PM mass was available. The selection of a cut
point of 2.5 um as a basis for the EPA’s 1997 NAAQS for fine particles (Federal Register, 1997)
and its continued use in many health effects studies reflect the importance placed on a more
complete inclusion of accumulation-mode particles, while recognizing that the intrusion of

coarse particles can occur under some conditions with this cut point.
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Since the 1966 PM AQCD (U.S. Environmental Protection Agency, 1996a), several papers
have addressed the issue of intermodal mass in terms of PM, .-PM,. Kegler et al. (2001)
analyzed data from Phoenix including TEOM measurements of PM,, PM, ., and PM,, as well as
filter measurements of PM, s and concluded that while PM, 5 , was dominated by soil
components, it also contained some nonsoil components. Their analysis suggested that there
were two sources of the coarse mass found in PM, 5 ,: (1) resuspension of soil dust by natural
wind (windblown dust), which would be prominent at high wind speeds, and (2) resuspension
due to roadway turbulence generated by motor vehicles (road dust), which would occur at all
natural wind speeds. Correlations among the various PM size ranges measured in Phoenix are
given in Table 2-1. The high correlation found between PM, 5 and PM, (r = 0.97) suggests that
the use of PM, instead of PM, ; would not significantly change epidemiologic relationships

between PM mass and health outcomes in Phoenix.

TABLE 2-1. CORRELATIONS BETWEEN TEOM MEASUREMENTS IN PHOENIX

PM, PM, PM, PM,,,, PM,,
PM, 1 0.69 0.97 0.65 0.81
PM, ., 0.69 1 0.84 0.84 0.89
PM, 0.97 0.84 1 0.75 0.89
PM,,, ; 0.65 0.84 0.75 1 0.97
PM,, 0.81 0.89 0.89 0.97 1

In areas where winds cause high concentrations of windblown soil, there is evidence that a
significant amount of coarse-mode PM may be found below 2.5 pm. An example, taken from
data collected during the August 1996 dust storm in Spokane, WA, is shown in Figure 2-11.
Note that the PM,, scale is 10 times that of the other size fractions. PM,, although high in the
morning, goes down as the wind increases and PM,,, PM, , and PM, ., go up. During the peak
of the dust storm, around 9:00 p.m., PM, 5 , was 88% of PM, . For the 24-h period, PM, 5, was

54% of PM, ;. However, PM, was not affected by the intrusion of coarse particles. Similar
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Figure 2-11. Particulate matter concentrations in Spokane, WA, during the August 30,
1996 dust storm.

Source: Claiborn et al. (2000).

considerations probably apply to short-term intrusions of dust transported from distant sources
such as the Sahara and Gobi deserts (Husar et al., 2001). In Spokane, the correlations
between PM, and PM, ;| (Haller et al., 1999) were lower, r = -0.37 (spring) to 0.26 (winter),
than those observed in Phoenix (Kegler et al., 2001), r = 0.69.

Pope et al. (1999) found that removing days with high PM,, values due to windblown dust
resulted in the observation of a statistically significant relationship between PM,, and mortality
in Salt Lake City. This relationship was not observed when days with windblown dust events
were included in the PM,, concentration time series. The elevated values of PM, s, but not PM,,
observed during the windblown dust events in Spokane (Claiborn et al., 2000) suggest that
a PM, ; time series would also be impacted by windblown dust while a PM, time series would
not. Thus, the contribution of soil to PM, s could possibly contribute to erroneous conclusions

from some epidemiologic analyses.
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A cut point of 1.0 um could reduce the misclassification of coarse-mode material as fine,
especially in areas with high levels of windblown soil, but under high RH conditions could result
in some accumulation-mode material being misclassified as coarse. A reduction in RH, either
intentionally or inadvertently, will reduce the mass mean diameter of the accumulation- mode
particles. Studies of the changes in particle size with changes in relative humidity suggest that
only a small fraction of accumulation-mode particles will be above 1.0 um in diameter at RH
below 60%, but a substantial fraction will grow to above 1.0 um at RH above 80% (Hitzenberger
et al., 1997; McMurry and Stolzenburg, 1989; U.S. Environmental Protection Agency, 1996a).
Studies in Europe (Berner, 1989; see Figure 3-31 in the 1966 PM AQCD) show that
dehumidification of ambient PM by heating will reduce the size of accumulation mode particles,
leaving little accumulation mode PM above 1 pm in aerodynamic diameter. However, heating
will also remove ammonium nitrate and semivolatile organic compounds. Currently, the data are
insufficient to determine how much dehumidification by diffusion drying would reduce the size
of accumulation mode particles.

Under high RH circumstances, a monitor using a 1.0 um D, cut point can achieve better
modal separation if the air stream is dehumidified to some fixed humidity that would remove all
or most particle-bound water without evaporating semivolatile components. New techniques
requiring the reduction of RH by diffusion drying prior to collection have been developed for
measuring fine PM minus particle-bound water but including semivolatile nitrate and organic
compounds. With such techniques, measurements with a 1 um (or slightly higher) cut point, in
conjunction with concurrent PM, ; measurements, would be useful for exposure, epidemiologic,
and source-apportionment studies, especially in areas where intrusion of coarse-mode particles

into the intermodal range is likely.

2.1.2.3 Ultrafine Particles

As discussed in Chapter 7 (Toxicology of Particulate Matter in Humans and Laboratory
Animals) and in Chapter 8 (Epidemiology of Human Health Effects Associated with Ambient
Particulate Matter), some scientists argue that ultrafine particles may pose potential health
problems and that some health effects may be associated with particle number or particle surface

area as well as, or more closely than, with particle mass. Some additional attention will be given
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here to ultrafine particles, because they contribute the major portion of particle number and a

significant portion of particle surface area.

Formation and Growth of Fine Particles

Several processes influence the formation and growth of particles. New particles may be
formed by nucleation from gas phase material. Particles may grow by condensation as gas phase
material condenses on existing particles; particles may also grow by coagulation as two particles
combine to form one. Gas phase material condenses preferentially on smaller particles, and the
rate constant for coagulation of two particles decreases as the particle size increases. Therefore,
ultrafine particles grow into the accumulation mode; but accumulation-mode particles do not
normally grow into the coarse mode (see Figure 2-6). More information and references on the
formation and growth of fine particles can be found in the 1996 AQCD PM (U.S. Environmental
Protection Agency, 1996a).

Equilibrium Vapor Pressures

An important parameter in particle nucleation and in particle growth by condensation is the
saturation ratio, S, defined as the ratio of the partial pressure of a species, p, to its equilibrium
vapor pressure above a flat surface at a specified temperature, p,: S = p/p,. For either
condensation or nucleation to occur, the species vapor pressure must exceed its equilibrium
vapor pressure. For particles, the equilibrium vapor pressure is not the same as p,. Two effects
are important: (1) the Kelvin effect, which is an increase in the equilibrium vapor pressure
above the surface due to its curvature (very small particles have higher vapor pressures and will
not be stable to evaporation until they attain a critical size) and (2) the solute effect, which is a
decrease in the equilibrium vapor pressure of the liquid due to the presence of other compounds
in solution. Organic compounds may also be adsorbed onto ultrafine carbonaceous particles.

For an aqueous solution of a nonvolatile salt, the presence of the salt decreases the
equilibrium vapor pressure of the water vapor around the droplet. This effect is in the opposite
direction of the Kelvin effect, which increases the equilibrium water vapor pressure around a
droplet because of its curvature. The existence of an aqueous solution will also influence the
vapor pressure of water-soluble species. The vapor pressure behavior of mixtures of several

liquids or of liquids containing several solutes is complex.
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New Particle Formation

When the vapor concentration of a species exceeds its equilibrium concentration
(expressed as its equilibrium vapor pressure), it is considered condensable. Condensable species
can either condense on the surface of existing particles or can nucleate to form new particles.
The relative importance of nucleation versus condensation depends on the rate of formation of
the condensable species and on the surface or cross-sectional area of existing particles (McMurry
and Friedlander, 1979). In ambient urban environments, the available particle surface area is
usually sufficient to rapidly scavenge the newly formed condensable species. Formation of new,
ultrafine particles is usually not observable in mass or volume distributions except near sources
of condensable species. Wilson et al. (1977) reported observations of the Aitken nuclei mode in
traffic. However, bursts of new particle formation have been observed in urban areas in the
number distribution (Woo et al., 2001a; McMurray et al., 2000). New particle formation also
can be observed in cleaner, remote regions. Bursts of new particle formation in the atmosphere
under clean conditions usually occur when aerosol surface area concentrations are low (Covert
et al., 1992). High concentrations of nuclei mode particles have been observed in regions with
low particle mass concentrations, indicating that new particle formation is inversely related to

the available aerosol surface area (Clarke, 1992).

Sources of Ultrafine Particles

Ultrafine particles are the result of nucleation of gas phase species to form condensed
phase species with a very low equilibrium vapor pressure. In the atmosphere, four major classes
of substances yield PM with equilibrium vapor pressures low enough to form nuclei mode

particles:

(1) Particles containing heavy metals. Nuclei mode particles of metal oxides or other metal
compounds are generated when metallic impurities in coal or oil are vaporized during
combustion and the vapor undergoes nucleation. Metallic ultrafine particles also may be
formed from metals in lubricating oil or fuel additives that are vaporized during
combustion of gasoline or diesel fuels. Ultrafine metallic particles were discussed in
Section 6.9 of the 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a).

(2) Elemental carbon (EC) or soot. Elemental carbon particles are formed primarily by the
condensation of C, molecules generated during the combustion process. Because EC
has a very low equilibrium vapor pressure, ultrafine EC particles can nucleate even at
high temperatures (Kittelson, 1998; Morawska et al., 1998).
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(3) Organic carbon (OC). Recent smog chamber studies and indoor experiments show that
atmospheric oxidation of certain organic compounds often found in the atmosphere can
produce highly oxidized organic compounds with an equilibrium vapor pressure
sufficiently low to result in nucleation (Kamens et al., 1999; Weschler and Shields,
1999).

(4) Sulfates. Sulfuric acid (H,SO,) molecules are generated in the atmosphere by
conversion of sulfur dioxide (SO,) to H,SO,. As H,SO, is formed, it can either nucleate
to form new ultrafine particles, or it can condense on existing ultrafine or accumulation
mode particles (Clark and Whitby, 1975; Whitby, 1978). Nucleation theory allows the
calculation of nucleation rates for both binary nucleation, involving water and sulfuric
acid (Easter and Peters, 1994) or ternary nucleation, which requires sulfuric acid,
ammonia (NH,), and water (Korhonen et al., 1999). Kulmala et al. (2000) compared
binary and ternary nucleation rates and concluded that the ternary rate is 1,000 times the
binary rate. Results from an aerosol dynamics model with a ternary nucleation scheme
indicate that nucleation in the troposphere should be ubiquitous and yield a reservoir of
thermodynamically stable sulfate clusters 1 to 3 nm in diameter. The growth of these
clusters to a detectable size (> 3 nm diameter) is limited by the availability of
condensable vapor. Observations of atmospheric particle formation and growth from a
continental and a coastal site suggest that a growth process including ternary nucleation
is responsible for the formation of cloud condensation nuclei. Nucleation processes in
the atmosphere may also involve organic compounds as well as sulfuric acid, ammonia,
and water. However, current formulations of nucleation theory only include the three
inorganic components. (The possible formation of ultrafine NH,NO, by reaction of NH,
and nitric acid [HNO,] vapor has not been investigated.)

Vehicle engine exhaust may include all the substances described above. Ultrafine particles
are observed in the emissions from spark, diesel, and jet engines (Kittelson, 1998). In these
cases, it seems likely that EC, organic compounds, ammonia and sulfuric acid from sulfur in the
fuel, as well as metal additives in the fuel or fuel oil, may contribute to the formation of ultrafine
particles (Tobias et al., 2001). An example of particles from a diesel engine showing number

and volume distributions is shown in Figure 2-12.

Recent Measurements of Ultrafine Particles

Instruments developed during the past decade permit measurement of size distributions of
particles down to 3 nm in diameter. The use of these techniques has led to new information on
the formation of new particles by nucleation. Such measurements have been carried out during
intensive field measurement campaigns, during continuous measurements in urban areas in

several European cities, and in the United States as a part of the Supersite program (McMurry
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Figure 2-12. Typical engine exhaust size distribution.

Source: Kittelson (1998).

et al., 2000; Woo et al., 2001a). Nucleation has been observed in the free troposphere (Weber
et al., 1999; Clarke, 1992; Schroder and Strom, 1997; Raes et al., 1997), in outflows of
evaporating convective clouds (Clarke et al., 1998; Hegg et al., 1990, 1991; Radke and Hobbs,
1991; Perry and Hobbs, 1994), in the marine boundary layer (Covert et al., 1992; Hoppel et al.,
1994; Van Dingenen et al., 1995; Weber et al., 1998; Clarke et al., 1998), downwind of coastal
regions during low tide (McGovern et al., 1996; McGovern, 1999), on mountains (Weber et al.,
1995, 1997; Raes et al., 1997; Wiedensohler et al., 1997), over forests (Makela et al., 1997;
Kulmala et al., 1998; O’Dowd et al., 2002), downwind of certain biogenic emissions (Weber
et al., 1998), in urban areas (Birmili and Wiedensohler, 1998; McMurry et al., 2000; Woo et al.,
2001a), near freeways (Zhu et al., 2002a,b), in engine exhaust (Kittelson, 1998; Tobias et al.,
2001), and in homes (Wallace and Howard-Reed, 2002). Nucleation events in outdoor air
almost always occur during daylight, indicating that photochemistry plays a role in producing
the gas phase precursors of new particles.

The number size distributions observed over a boreal forest in Finland before and during
the initial stages of a nucleation event are shown in Figure 2-13. The Aitken and accumulation

modes can be seen clearly before the nucleation event. The nucleation mode, with a peak
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Figure 2-13. Number size distributions showing measurement of a nucleation burst mode
in a boreal forest in Finland.

Source: O’Dowd et al. (2002).

between 3 and 7 nm, appears during the event. Figure 2-14 shows the variety of size
distributions that may be observed as nuclei are formed and grow, based on size distributions
measured in the Arctic marine boundary layer (Covert et al., 1996). These distributions all show
a trimodal distribution within the fine-particle size range. The changes in size distribution due to
coagulation (and dilution) immediately downwind of a freeway (Zhu et al., 2002b) are shown in

Figures 2-15(a-f) and 2-15(g). At 30 m downwind, the nucleation mode number concentration is

larger than that of the Aitken mode, but by 60 m downwind that has reversed, because
coagulation removes particles from the nucleation mode and adds particles to the Aitken mode.
Strong evidence suggests that sulfuric acid vapor often participates in nucleation.
However, condensation of sulfuric acid and its associated water and ammonium ions typically
accounts for only 10 to 20% of the observed growth rates for freshly nucleated particles.
Therefore, organic compounds may account for much of the formation and growth of freshly
nucleated particles. Evidence of nucleation of organic particles comes from smog chamber
studies (Kamens et al., 1999) and from field studies over forests (Mikela et al., 1997; Kulmala
et al., 1998; O’Dowd et al., 2002). Nucleation of organic particles may also occur indoors due to
the reaction of infiltrated ozone with indoor terpenes from air fresheners or cleaning solutions

(Weschler and Shields, 1999). The observation of bursts of nuclei-mode particles in Atlanta
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Source: Covert et al. (1996).

(Woo et al., 2001a), perhaps due to unusually high rates of production of condensable species,
suggests that high concentrations of ultrafine particles may be a normal occurrence in polluted

urban areas.
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Figure 2-15a-f. Fitted multi-model particle size distribution at different sampling
distances from Freeway 405: (a) 30 m downwind, (b) 60 m downwind,
(¢) 90 m downwind, (d) 150 m downwind, (e¢) 300 m downwind,
(f) 300 m upwind. Size distributions were normalized to the control
CPC’s reading. Note different scales for dN/d log D, axis. Modal
parameters given are: geometric mean diameter, p,; and geometric

standard deviation, G,

Source: Zhu et al. (2002b).
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Figure 2-15g. Combination of Figures 2-15(a-e), with dN/d logD, scale. Ultrafine
particle size distribution at different sampling locations near Freeway 405
in Los Angeles, CA.

Source: Zhu et al. (2002b).

Concentration of Ultrafine Particles: A Balance Between Formation and Removal

Nuclei-mode particles may be removed by dry deposition or by their growth into the
accumulation mode. Such growth takes place as other low vapor pressure material condenses
on the particles or as nuclei-mode particles coagulate with themselves or with accumulation
mode particles. Because the rate of coagulation would vary with the concentration of
accumulation-mode particles, it might be expected that the concentration of nuclei-mode
particles would increase with a decrease in accumulation-mode mass. On the other hand, the
concentration of particles would be expected to decrease with a decrease in the rate of generation
of particles by reduction in emissions of metal and carbon particles or a decrease in the rate of
generation of H,SO, or condensable organic vapor. The rate of generation of H,SO, depends on
the concentrations of SO, and the hydroxyl radical (¢OH), which is generated primarily by

reactions involving ozone (O,). Thus, reductions in SO, and O, would lead to a decrease in the
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rate of generation of H,SO, and condensable organic vapor and to a decrease in the
concentration of nuclei-mode particles. The balance between formation and removal is
uncertain. However, these processes can be modeled using a general dynamic equation for
particle size distribution (Friedlander, 2000) or by aerosol dynamics modules in newer air

quality models (Binkowski and Shanker, 1995; Binkowski and Ching, 1995).

2.1.3 Chemistry of Atmospheric Particulate Matter

The major constituents of atmospheric PM are sulfate, nitrate, ammonium, and hydrogen
ions; particle-bound water; elemental carbon; a great variety of organic compounds; crustal
material; and (at coastal locations) sea salt. Atmospheric PM also contains a large number of
elements in various compounds and concentrations. More information and references on the
composition of PM measured in a large number of studies in the United States, may be found in
the 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a). Also, in this document,
the concentrations and composition of ambient PM are discussed in Chapter 3 (Section 3.1), and
ambient data for concentrations and composition of PM, ; are given in Appendices 3A, 3B,

and 3C.

2.1.3.1 Chemical Composition and Its Dependence on Particle Size

Studies conducted in most parts of the United States indicate that sulfate, ammonium, and
hydrogen ions; elemental carbon, secondary organic compounds, and primary organic species
from cooking and combustion; and certain transition metals are found predominantly in the fine
particle mode. Crustal materials such as calcium, aluminum, silicon, magnesium, and iron are
found predominately in the coarse particles. Some primary organic materials such as pollen,
spores, and plant and animal debris are also found predominantly in the coarse mode. Certain
components such as potassium and nitrate may be found in both the fine and coarse particle
modes, but they originate from different sources or mechanisms. Potassium in coarse particles
comes from soil. Potassium in fine particles originates in emissions from burning wood or
cooking meat. Nitrate in fine particles comes primarily from the reaction of gas-phase nitric acid
with gas-phase ammonia forming particulate ammonium nitrate. Nitrate in coarse particles

comes primarily from the reaction of gas-phase nitric acid with preexisting coarse particles.
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2.1.3.2 Primary and Secondary Particulate Matter

Particulate matter can be primary or secondary. PM is called “primary” if it is in the same
chemical form in which it was emitted into the atmosphere, but it is called “secondary” if it is
formed by chemical reactions in the atmosphere. Primary coarse particles are usually formed by
mechanical processes and include windblown dust, sea salt, road dust, and combustion-generated
particles such as fly ash and soot. Primary fine particles are emitted from sources either directly
as particles or as vapors that rapidly condense to form ultrafine or nuclei-mode particles. This
includes soot from diesel engines, a great variety of organic compounds condensed from
incomplete combustion or cooking, and compounds of As, Se, Zn, etc. that condense from vapor
formed during combustion or smelting. The concentration of primary particles depends on their
emission rate, transport and dispersion, and removal rate from the atmosphere.

Secondary PM is formed by chemical reactions of free, adsorbed, or dissolved gases. Most
secondary fine PM is formed from condensable vapors generated by the chemical reactions of
gas-phase precursors. Secondary formation processes can result in either the formation of new
particles or the addition of PM to preexisting particles. Most of the sulfate and nitrate and a
portion of the organic compounds in atmospheric particles are formed by chemical reactions that
occur in the atmosphere. Secondary aerosol formation depends on numerous factors, including
the concentrations of precursors; the concentrations of other gaseous reactive species such as
ozone, hydroxyl radical, peroxy radicals, or hydrogen peroxide; atmospheric conditions
including solar radiation and RH; and the interactions of precursors and preexisting particles
within cloud or fog droplets or in the liquid film on solid particles. As a result, it is considerably
more difficult to relate ambient concentrations of secondary species to sources of precursor
emissions than it is to identify the sources of primary particles. A significant effort is currently
being directed toward the identification and modeling of organic products of photochemical
smog, including the conversion of gases to PM. More information of the transformation of
precursor gases into secondary PM is given in Chapter 3 (Section 3.3.1).

Particle strong acidity is due almost entirely to the presence of H,SO, or NH,HSO,. Thus,
the acidity of atmospheric particles depends on both the amount of SO, that is oxidized to SO,
and subsequently forms H,SO, as well as the amount of ammonia available to react with the
sulfuric acid. Nitric acid is more volatile than sulfuric acid. Thus, if gas phase SO; or sulfuric

acid or particles containing H,SO, or NH,HSO, contact particles containing NH,NO;, nitric acid
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gas will be released with the remaining ammonia contributing to the further neutralization of the
acid. Little NH,NO; is found in atmospheres containing significant particle strong acidity.
However, as SO, emissions are reduced to the point that there is more than enough ammonia to
neutralize the sulfuric acid, NH,NO; particles will begin to form. Thus, ammonia emissions and
concentrations relative to those of SO, and H,SO, are important in determining the strong acidity
in the atmosphere and the concentration of particulate NH,NO,. Therefore, once SO, emissions
have been reduced to the point that ammonia and sulfate are in balance to form (NH,),SO,,
further reductions in SO, will not result in an equivalent reduction in airborne PM, because

one (NH,),SO, unit will be replaced by two NH,NO; units.

2.1.3.3 Particle-Vapor Partitioning

Several atmospheric aerosol species, such as water, ammonium nitrate and certain organic
compounds, exist in an equilibrium between gaseous and condensed phases and are called
semivolatile. The equilibrium between water vapor and particle-bound water is well understood
and can be modeled accurately. A variety of thermodynamic models have also been developed
to predict the temperature and relative humidity dependence of the ammonium nitrate equilibria
with gaseous nitric acid and ammonia. However, under some atmospheric conditions (such as
cool, cold, or very clean air), the relative concentrations of the gas and solid phases are not
accurately predicted by equilibrium considerations alone, and transport kinetics can be
important. The gas-particle distribution of semivolatile organic compounds depends on the
equilibrium vapor pressure of the compound, total particle surface area, particle composition,
atmospheric temperature, and relative humidity. Although it generally is assumed that the gas-
particle partitioning of semivolatile organics is in equilibrium in the atmosphere, neither the
equilibria nor the kinetics of redistribution are well understood. Diurnal temperature fluctuations
cause gas-particle partitioning to be dynamic on a time scale of a few hours and can cause
semivolatile compounds to evaporate during the sampling process. The pressure drop across the
filter can also contribute to the loss of semivolatile compounds. The dynamic changes in
gas-particle partitioning caused by changes in temperature, pressure, and gas-phase
concentration, both in the atmosphere and after collection, cause serious sampling problems that

are discussed in Section 2.2.3, Measurement of Semivolatile Particulate Matter.
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Equilibria with Water Vapor

As a result of the equilibrium of water vapor with liquid water in hygroscopic particles,
many ambient particles contain liquid water (particle-bound water). Unless removed, this
particle-bound water will be measured as a component of the particle mass. Particle-bound
water plays an important role in atmospheric chemistry and physics. It influences the size of
particles, and in turn, the light scattering and aerodynamic properties of particles. Particle
aerodynamic properties are important in dry deposition to surfaces, deposition to airway surfaces
during breathing, and deposition in sampling instrumentation. The aqueous solution provides a
medium for reactions of dissolved gases, including reactions that do not take place in the gas
phase. The aqueous solutions also may act as a carrier to convey soluble toxic species to the
gas-exchange regions of the respiratory system, including species that would be removed by
deposition in the upper airways if no particles were present. An extensive review of the
equilibrium of water vapor with particle-bound water as it pertains to ambient aerosols was
given in Chapter 3 of the 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a).

The interaction of particles with water vapor may be described briefly as follows.
As relative humidity increases, particles of crystalline soluble salts, such as (NH,),SO,,
NH,HSO,, or NH,NO,, undergo a phase transition to become aqueous solution particles.
According to the phase rule, for particles consisting of a single component, this phase transition
is abrupt, taking place at a relative humidity that corresponds to the vapor pressure of water
above the saturated solution (the deliquescence point). With a further increase in relative
humidity, the solution particle adds water (and the concentration of the solute decreases) so that
the vapor pressure of the solution is maintained equal to that of the surrounding relative
humidity; thus, the solution particle tends to follow the equilibrium growth curve. As relative
humidity decreases, the solution particle follows the equilibrium curve to the deliquescence
point. However, rather than crystallizing at the deliquescence relative humidity, the solute
remains dissolved in a supersaturated solution to considerably lower relative humidities.
Ultimately, the solution particle abruptly loses its water vapor (efflorescence) and typically
returns to the initial crystalline form.

For particles consisting of more than one component, the solid to liquid transition will take
place over a range of RHs, with an abrupt onset at the lowest deliquescence point of the several

components. Subsequent growth will occur as crystalline material in the particle dissolves
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according to the phase diagram for the particular multicomponent system. Under such
circumstances, a single particle may undergo several more or less abrupt phase transitions until
the soluble material is fully dissolved. At decreasing relative humidity, such particles tend to
remain in solution to relative humidities well below the several deliquescence points. In the case
of the sulfuric acid-ammonium sulfate-water system, the phase diagram is fairly well
understood. For particles of composition intermediate between NH,HSO, and (NH,),SO,, this
transition occurs in the range from 40% to below 10% relative humidity, indicating that for
certain compositions the solution cannot be fully dried in the atmosphere. At low relative
humidities, particles of this composition would likely be present in the atmosphere as
supersaturated solution droplets (liquid particles) rather than as solid particles. Thus, they would
exhibit hygroscopic rather than deliquescent behavior during relative humidity cycles.

Other pure compounds, such as sulfuric acid, are hygroscopic (i.e., they form aqueous
solutions at any relative humidity and maintain a solution vapor pressure over the entire range of
relative humidity). Soluble organic compounds may also contribute to the hygroscopicity of the
atmospheric aerosol (Saxena et al., 1995; Saxena and Hildeman, 1996), but the equilibria
involving organic compounds and water vapor, and, especially for mixtures of salts, organic
compounds, and water, are not so well understood. These equilibrium processes may cause an
ambient particle to significantly increase its diameter at relative humidities above about 40%
(Figure 2-16a). A particle can grow to five times its dry diameter as the RH approaches 100%
(Figure 2-16b). The Federal Reference Methods, for filter measurements of PM, s and PM,,
mass, require equilibration at a specified, low relative humidity after collection (for PM, .,
between 30 and 40% RH with control of = 5% RH [Code of Federal Regulations, 2001a]).

This equilibration removes much of the particle-bound water and provides a relatively stable PM
mass for gravimetric measurements (see Section 2.2 for details and references). Otherwise,
particle mass would be a function of relative humidity, and the particle mass would be largely
particle-bound water at higher relative humidities. However, some particle-bound water may be
retained even after equilibration. Recent studies have shown that significant amounts of particle-
bound water are retained in particles collected on impaction surfaces even after equilibration and
that the amount of retained particle-bound water increases with relative humidity during

collection (Hitzenberger et al., 1997).
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Figure 2-16a. Particle growth curves showing fully reversible hygroscopic growth of
sulfuric acid (H,SO,) particles, deliquescent growth of ammonium sulfate
[(NH,), SO,] particles at the deliquescent point (A, about 80% relative
humidity [RH]), reversible hygroscopic growth of ammonium sulfate
solution droplets at RH greater than 80%, and hysteresis (the droplet
remains supersaturated as the RH decreases below 80%) until the
crystallization point (B, about 38% RH) is reached.

Source: National Research Council (1993) adapted from Tang (1980).

The retention of particle-bound water is a greater problem for continuous monitors, which
measure changes in mass collected on a filter over long sampling times. If particle-bound water
is not removed, changes in relative humidity would cause changes in the mass of PM collected
over previous hours or days. These changes could be much greater than amount of PM mass
added in one hour. Therefore, continuous monitoring techniques generally attempt to remove
particle-bound water before measurement either by heating or dehumidification. However, other

semivolatile materials (e.g., ammonium nitrate and organic compounds) that may be partially
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Figure 2-16b. Theoretical predictions and experimental measurements of growth of
NH,HSO, particles at relative humidities between 95 and 100%.

Source: Li et al. (1992).

lost during sampling or equilibration of an unheated filter are certainly lost when the collected
sample is heated above ambient temperature. These changes in particle size with relative

humidity also mean that particle measurements such as surface area or volume, or composition
as a function of size, should be made at the same RH in order for the results to be comparable.

These problems are addressed in more detail in Section 2.2, Measurement of Particulate Matter.

Particle-Bound Water as a Carrier
Water vapor is not a pollutant, and particle-bound water (PBW) is not included in the mass
of PM subject to regulation and control. However, while water is not itself a pollutant, PBW

may act as a carrier for pollutants, as stated by Wilson (1995):
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“It is possible that water-soluble gases, which would be removed by deposition to
wet surfaces in the upper respiratory system during inhalation, could dissolve in
particle-bound water and be carried with the particles into the deep lung. Water-
soluble gases in polluted air include oxidants such as O,, H,0,, and organic
peroxides; acid gases such as SO,, HCI, HNO,, HONO, and formic acid; and polar
organic species such as formaldehyde. Some of these species may have biological
effects, but current techniques do not measure particle-bound water or the species
dissolved in it.”

Kao and Friedlander (1995) also suggest that aerosols could carry adsorbed free radicals or
dissolved H,0O, into the lung. Friedlander and Yeh (1998) point out that the aqueous component
of the atmospheric aerosol carries short-lived, reactive chemical species, including hydrogen
peroxide and organic peroxides. Equilibrium calculations and limited experimental data suggest
that aerosol-phase concentrations of hydrogen peroxide will fall within a range (around 1 mM)
in which significant biochemical effects have been observed when respiratory tract epithelial
cells were treated with hydrogen peroxide solutions.

Wexler and Sarangapani (1998) used a physical model of “gas-particle-mucus heat and
mass transport in the human airways,” developed in order to investigate the hypothesis that
endogenous ammonia neutralizes aerosol acidity (Sarangapani and Wexler, 1996), to investigate
the transport by particles of soluble vapors to the tracheobronchial and air exchange (also called
alveolar or pulmonary) regions of the lung. Wexler and Sarangapani (1998) provides a concise

description of this process:

“Air pollutants are deposited in the human airway via two pathways — particle
and vapor deposition. In the absence of particles, vapors deposit at different
locations in the lung depending on their solubility in mucus, which is over 99%
water. High-solubility compounds, such as nitric acid or hydrogen peroxide, are
rapidly removed in the upper airways while low-solubility compounds, such as
oxygen or ozone, are less well removed and so penetrate to the alveoli. Pollutant
deposition in the upper airways is less harmful than in the lower airways because
upper airways clearances is more rapid and the epithelium is protected by a mucus
layer. As aresult, low-solubility pollutants, such as ozone, may harm the alveoli
while high-solubility pollutants, such as nitric acid, do not reach these tissues.

“In the presence of aerosol particles, this scenario changes. Under most ambient
conditions, aerosol particles contain some liquid water so that soluble compounds
are partitioned between the gas phase and the aerosol liquid-water phase. The
degree of deposition via the gas compared to that via the particles is a function of a
number of factors including the solubility of the compound and the liquid-water
content of the aerosol. Since highly soluble compounds deposit in the upper
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airways, particles may provide a vector for deposition of these compounds in the
lower airways. Lower-solubility compounds may persist in the vapor phase and so
may deposit in lower airway segments.

“When both a water-soluble vapor and an aerosol liquid phase are present together,
some of the vapor will dissolve in the liquid-water phase until an equilibrium is
established. The equilibrium condition is given by the Henry’s law coefficient,

H (M atm™), which gives the relationship between the partial pressure of the
vapor, typically in units of atmospheres, and the concentration of the dissolved
compound in the aqueous phase, typically in units of molal.

“Direct deposition of the vapor is primarily a function of its solubility. Since the
airways are lined with mucus, deposition is higher for compounds with a higher
solubility than for those with lower solubility. Compounds with Henry’s law
constant (H) greater than 100 M atm™ deposit relatively uniformly over the first
10 generations (e.g., formaldehyde and hydrogen peroxide [and sulfur (IV) {SO,
(aq) plus H,SO; (aq) plus HSO, (aq)}], so they affect health via interactions with
the upper airway epithelia. All the vapor is deposited if H is greater than about
0.1. Low-solubility compounds do not deposit effectively in the mucus until past
the 20th generation so are still present in significant concentrations in the
pulmonary region. These compounds (e.g., ozone, nitrogen dioxide) affect human
health via interactions in the air-exchange regions.

“As aerosols are inhaled, soluble vapors deposit on the mucus, disrupting the
gas-particle equilibrium, and the compound begins to evaporate from the aerosol
particles. If the evaporation is rapid, the pattern of deposition of the compound
will not be influenced by the presence of the particles, i.e., the deposition pattern is
essentially that of the vapor alone. If the evaporation is very slow compared to a
breathing cycle, a significant amount of the compound will remain in the particle
phase and the pattern of deposition may be shifted toward the pulmonary region by
the particle.”

Hygroscopic particles, present in the inhaled aerosol disrupt the gas-particle equilibria.

The soluble gas will deposit on the mucus, reducing the gas phase vapor pressure, and reducing

the equilibrium concentration of the gas in solution. However, in the higher relative humidity of

the lung, hygroscopic particles will add PBW and grow in volume. Therefore, even though the

concentration of the soluble gas may be lower, there will be a greater amount of the soluble gas

in solution. The amount of the soluble gas in the particle will depend on the Henry’s Law

coefficient of the gas, the size of the particle, and the position of the particle in the respiratory

tract. Figure 2-17 shows how the concentration of the soluble gas (H = 10* M atm ') in the PBW

of the aerosol relative to that in the gas phase changes as the particle moves deeper into the lung.
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Airway Vapor Deposition via Particles

FIVERN

(=]
— 4 |
Q- — — —
O 1 |d——— ey
a B-SSRN
& =4~
O N P
\ -~
S\
051 —*— D=0.1um N
—e— D=0.3pm N
— B -D=0.7um X -
[ |--%-- D=1.0pm
0 L L 1 1 I L 1 L L L 1 L L 1 1 L L \. L L 1
0 5 10 15 20 25
Generation

Figure 2-17. Concentration of the dissolved gas in the particle normalized by its initial
concentration as a function of airway generation for H = 10* M atm™' for
particle diameters of 0.1, 0.3, 0.7, and 1 pm.

Source: Wexler and Sarangpani (1998).

In similar figures for other values of H, Wexler and Sarangapani (1998) show that,
regardless of particle size, the greatest relative increase in the amount of soluble gas dissolved in
PBW (a factor of 10 to 100) occurs for lower solubility gases (H <0 M atm '). However, the
deposition of such gases by particles will be small since the concentration of dissolved gas will
be low. For higher solubility gases (H = 10* M atm "), the enhancement may be 2- to 20-fold,
depending on particle size. There may be a sufficient amount of the soluble gas in the PBW to
influence the deposition pattern, with more soluble gas being transported to higher generations
(deeper into the lung). For the highest solubility gases, the enhancement in less than 2, but a
larger amount of gas is dissolved in the PBW. The highest solubility gases (H > 10* M atm™")
will evaporate from particles < 0.1 pm before the particles reach the air exchange region of the
lung. However, as shown in Figure 2-17, particles > 0.3 um can efficiently transport high

solubility gases into the air exchange region.
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Wexler and Sarangapani (1998) observed that even for a high liquid water content
(PBW = 100 pg/m’) and for a highly soluble gas such as H,0, (H = 10° M atm "), only about 1%
of the soluble gas will dissolve in the PBW. Therefore, any influence of the particles on the gas
concentration will cause little change in the quantity of soluble gas deposited on the upper
airways. The Wexler and Sarangapani (1998) analysis was conducted under the assumption that
equilibrium with the gas phase is obtained quickly and considered only the “physical” solubility
of the soluble gas. For example, their discussion of SO, assumes an H of 1 M atm™' which is
correct for the equilibrium of SO, (aq) with SO, gas. However, SO, reacts chemically with
water to yield SO, (aq), H,SO; (aq), and HSO; (aq). The H for sulfur (IV) in solution in
equilibrium with SO, gas is dependent on the pH of the solution but may reach 10* M atm ™' at a
pH of 6 (Schwartz, 1984). Thus, if SO, (aq), H,SO; (aq), and HSO; (aq) are in equilibrium in
the liquid phase, and any one of the three species is toxic, significantly more toxic sulfur (IV)
will be carried to the air exchange region than predicted by Wexler and Sarangapani (1998).
Friedlander and Yeh (1998) point out that H,O, forms adducts called peroxohydrates with many
substances in which it acts like water of hydration (Elvers et al., 1991). If such adducts form in
the PBW of atmospheric aerosols, a much higher percentage of the atmospheric peroxide would
dissolve in the PBW and be carried into the air exchange region of the lungs.

Thus, soluble gases, like H,0,, SO,, and formaldehyde, which would be completely
removed in the upper airways in the absence of particles, can dissolve in the PBW of
hygroscopic particles and be transported by the particles into the air exchange (alveolar or
pulmonary) region of the lungs.

Friedlander and Yeh (1998) also suggested that the epidemiologic associations found
between adverse health effects and sulfate or PM mass may represent a response to atmospheric

peroxides, or other toxic substances dissolved in PBW. Friedlander and Yeh (1998) stated,

“This hypothesis supports reduction of the total submicron aerosol mass as a way
to reduce adverse health effects, because the total submicron mass is closely linked
to the aqueous component that carries the reactive species. To test this hypothesis,
studies are needed of the effects of exposures of cellular layers and/or animals to
submicron hydrogen peroxide-containing aerosols that also contain salts such as
ammonium sulfate.”
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Morio et al. (2001) conducted an inhalation study in which rats were exposed to (NH,),SO,
(429 or 215 pug/m’; 0.3 to 0.4 um mass median diameter) or H,0, (10, 20, or 100 ppb) alone or in

combination for 2 h. The authors summarized the study as follows.

“In summary, the present studies find that exposure of rats to (NH,),SO, + H,O,
results in tissue damage and altered alveolar macrophage activity. Our findings
suggest that macrophage-derived TNF-« and peroxynitrite are potential factors
contributing to the toxicity of (NH,)SO, + H,0,. It is possible that alterations in
macrophage functioning following inhalation of (NH,),SO, + H,O, underlie
increases in individual susceptibility to infection following the fine PM exposure.”

The potential for PBW to carry toxic gases into the air exchange region of the lung
suggests that it would be useful to measure both the amount of PBW in the atmospheric aerosol
and the composition of the material dissolved in it. Although measurements have been made of
the amount of PBW (discussed in 2.2.3.1), there is little information on the composition or
concentration of soluble species that would evaporate as the PBW evaporates. Hung and Wang
(2001) measured the concentrations of reactive oxygen species (ROS) in various size fractions of
atmospheric aerosols and vehicle emissions in Taipei using a technique which would respond to
ROS adsorbed on particle surfaces or dissolved in PBW. The ROS were not identified, but the
ROS concentration was correlated with the atmospheric ozone concentration. The ROS
concentrations were highest in the 0.18 to 1.0 pm particle size range and decreased by over 50%
between analyses at 1 h and 115 h after collection. While this study does not demonstrate that
PBW carries H,0,, it does demonstrate the ability of particles to act as carriers of reactive
species and offers a technique for the measurement of ROS absorbed on particles or dissolved in

PBW.

PBW Effects on Visibility

Light scattering, and the resultant effects on visibility, depend on the size and refractive
index of the particle. PBW contributes to light scattering just like any other component of fine
PM. As discussed in detail in Chapter 4, the light scattering due to a given mass of PM can be
estimated from the composition and the relative humidity using mass scattering coefficients for

the chemical components that are higher for hygroscopic components.
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PBW Effects on Dosimetry

As particles are inhaled, they will be exposed to the high relative humidities of the
respiratory tract. Although supersaturation may occur in the early generations of the airways, by
the time the aerosol reaches the air exchange region, the relative humidity will have reached
99.5% and the particles will have attained their equilibrium size (Sarangapani and Wexler,
1996). As discussed in Chapter 6, these size changes can have significant effects on the

fractions of inhaled particles deposited in the various portions of the respiratory tract.

PBW as a Reaction Medium

If the air becomes saturated with water vapor, hygroscopic particles will grow into cloud
droplets. The liquid water content of cloud droplets is much higher than that of aerosols at
relative humidities below 100%. This liquid water provides a reaction medium where reactions
can take place that do not take place in the air. For example, dissolved SO, can react with
dissolved O, or dissolved H,0, to form H,SO, in cloud droplets (Lazrus et al., 1983; Schwartz,
1984, 1986; Martin, 1994; Hegg and Hobbs, 1982, 1986).

The chemistry of fog and cloud droplets is important in the formation of secondary
pollutants. An extensive discussion was given in Section 3.3.1.4 of the 1996 PM AQCD (U.S.
Environmental Protection Agency, 1996a). The possibility of chemical reactions in PBW is
controversial because of the much lower quantity of liquid water at lower relative humidities

(Brock and Durham, 1984; McMurray and Wilson, 1982, 1983; McMurray et al., 1981).

2.1.3.4 Atmospheric Lifetimes and Removal Processes

The lifetimes of particles vary with size. Nuclei-mode particles rapidly grow into the
accumulation mode. However, the accumulation mode does not grow into the coarse mode.
Accumulation-mode fine particles are kept suspended by normal air motions and have very low
deposition rates to surfaces. They can be transported thousands of km and remain in the
atmosphere for a number of days. Coarse particles can settle rapidly from the atmosphere
(within hours) and normally travel only short distances. However, when mixed high into the
atmosphere, as in dust storms, the smaller-sized coarse-mode particles have longer lives and
travel greater distances. Dry deposition rates are expressed in terms of a deposition velocity that

varies with particle size, reaching a minimum between 0.1 and 1.0 um aerodynamic diameter
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(e.g., Lin et al., 1994). Accumulation-mode particles are removed from the atmosphere
primarily by cloud processes. Fine particles, especially particles with a hygroscopic component,
grow as the relative humidity increases, serve as cloud condensation nuclei, and grow into cloud
droplets. If the cloud droplets grow large enough to form rain, the particles are removed in the
rain. Falling rain drops impact coarse particles and remove them. Ultrafine or nuclei-mode
particles are small enough to diffuse to the falling drop, be captured, and be removed in rain.
Falling rain drops, however, are not nearly as effective in removing accumulation-mode particles
as the cloud processes mentioned above. A more detailed discussion of particle deposition,
including acid deposition, especially as it applies to deposition to vegetation, soil, and water
surfaces, is given in Chapter 4 (Environmental Effects of Airborne Particulate Matter). Acid
deposition and PM are intimately related, first, because particles contribute to the acidification of
rain and, secondly, because the gas-phase species that lead to dry deposition of acidity are also
precursors of particles. Therefore, reductions in SO, and NO, emissions will decrease both
acidic deposition and PM concentrations.

Sulfate, nitrate, and some partially oxidized organic compounds are hygroscopic and act as
nuclei for the formation of cloud droplets. These droplets serve as chemical reactors in which
(even slightly) soluble gases can dissolve and react. Thus, SO, can dissolve in cloud droplets
and be oxidized to sulfuric acid by dissolved ozone or hydrogen peroxide. These reactions take
place only in aqueous solution, not in the gas phase. Sulfur dioxide may also be oxidized by
dissolved oxygen. This process will be faster if metal catalysts such as iron or manganese are
present in solution. If the droplets evaporate, larger particles are left behind. If the droplets
grow large enough, they will fall as rain; and the particles will be removed from the atmosphere
with potential effects on the materials, plants, or soil on which the rain falls. (Similar
considerations apply to dew.) Atmospheric particles that nucleate cloud droplets also may
contain other soluble or nonsoluble materials such as metal salts and organic compounds that
may add to the toxicity of the rain. Sulfuric acid, ammonium nitrate, ammonium sulfates, and
organic particles also are deposited on surfaces by dry deposition. The utilization of ammonium
by plants leads to the production of acidity. Therefore, dry deposition of particles can also
contribute to the ecological impacts of acid deposition. These effects are discussed in Chapter 4

(Section 4.1).

2-50



2.1.4 Comparison of Fine and Coarse Particles

The physical and chemical properties of fine particles (including ultrafine particles and
accumulation-mode particles) and coarse particles are summarized for comparison purposes in
Table 2-2. These include important differences in sources, formation mechanisms, composition,
atmospheric residence time, removal processes, and travel distances. Ensuing chapters in this
document will also show that fine and coarse particles differ in aspects of concentrations,
exposure, dosimetry, toxicology, and epidemiology. Collectively, these differences continue to
warrant consideration of fine particles as a separate air pollutant class from coarse particles and

the setting of separate standards for fine and coarse particles.

2.2 MEASUREMENT OF PARTICULATE MATTER
The 1996 PM AQCD (U.S. Environmental Protection Agency, 1996a) summarized the

sampling and analytical techniques for PM and acid deposition that had appeared in the literature
since the earlier 1982 PM AQCD (U.S. Environmental Protection Agency, 1982). Excellent
reviews have also been published by Chow (1995) and McMurry (2000). This section discusses
problems in measuring PM; new techniques that attempt to alleviate these problems or measure
problem species; Federal Reference Methods, speciation monitors, analytical methods for
inorganic elements, organic and elemental carbon, and ionic species; and continuous and

multiday monitors.

2.2.1 Particle Measurements of Interest

There are many PM components and parameters that are of interest across the various
types of uses to which PM measurement data are applied. These uses include analyses of
compliance with air quality standards and trends; source category apportionment studies related
to the development of pollution reduction strategies and the validation of air quality models;
studies related to health, ecological, and radiative effects; and characterization of current air
quality for presentation to the public in the context of EPA’s Air Quality Index. Particulate
matter measurement components and parameters of specific interest for these various purposes

are noted below and summarized in Table 2-3.
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TABLE 2-2. COMPARISON OF AMBIENT PARTICLES,
FINE PARTICLES (Ultrafine plus Accumulation-Mode) AND COARSE PARTICLES

Fine

Ultrafine

Accumulation

Coarse

Formation
Processes:

Formed by:

Composed
of:

Solubility:

Sources:

Atmospheric
half-life:

Removal

Processes:

Travel
distance:

Combustion, high-temperature
processes, and atmospheric reactions

Nucleation
Condensation
Coagulation

Sulfate

Elemental carbon

Metal compounds

Organic compounds
with very low
saturation vapor
pressure at ambient
temperature

Probably less soluble
than accumulation
mode

Combustion

Atmospheric
transformation of
SO, and some
organic compounds

High temperature
processes

Minutes to hours

Grows into
accumulation mode
Diffuses to raindrops

<1 to 10s of km

Condensation

Coagulation

Reactions of gases in or
on particles

Evaporation of fog and cloud
droplets in which gases have
dissolved and reacted

Sulfate, nitrate, ammonium,
and hydrogen ions

Elemental carbon

Large variety of organic
compounds

Metals: compounds of Pb, Cd,
V, Ni, Cu, Zn, Mn, Fe, etc.

Particle-bound water

Largely soluble, hygroscopic,
and deliquescent

Combustion of coal, oil,
gasoline, diesel fuel, wood

Atmospheric transformation
products of NO,, SO,, and
organic compounds,
including biogenic organic
species (e.g., terpenes)

High-temperature processes,
smelters, steel mills, etc.

Days to weeks

Forms cloud droplets and
rains out
Dry deposition

100s to 1000s of km

Break-up of large solids/droplets

Mechanical disruption (crushing,
grinding, abrasion of surfaces)

Evaporation of sprays

Suspension of dusts

Reactions of gases in or on particles

Suspended soil or street dust

Fly ash from uncontrolled combustion
of coal, oil, and wood

Nitrates/chlorides/sulfates from
HNO,/HCI/SO, reactions with
coarse particles

Oxides of crustal elements
(Si, Al, Ti, Fe)

CaCQ,, CaSO,, NaCl, sea salt

Pollen, mold, fungal spores

Plant and animal fragments

Tire, brake pad, and road wear debris

Largely insoluble and nonhygroscopic

Resuspension of industrial dust and
soil tracked onto roads and streets
Suspension from disturbed soil (e.g.,
farming, mining, unpaved roads)

Construction and demolition
Uncontrolled coal and oil combustion
Ocean spray

Biological sources

Minutes to hours

Dry deposition by fallout
Scavenging by falling rain drops

<1 to 10s of km (small size tail,
100s to 1000s in dust storms)

Source: Adapted from Wilson and Suh (1997).
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TABLE 2-3. PARTICULATE MATTER COMPONENTS/PARAMETERS OF
INTEREST FOR HEALTH, ECOLOGICAL, OR RADIATIVE EFFECTS;
FOR SOURCE CATEGORY APPORTIONMENT STUDIES;

OR FOR AIR QUALITY MODELING EVALUATION STUDIES

Particle number
Particle surface area

Particle size distribution

PM mass (fine PM mass [PM, ;] and coarse thoracic PM mass [PM,,, 5]) including both
nonvolatile mass as measured by the current Federal Reference method and total mass
(including semivolatile components such as ammonium nitrate and semivolatile organic
compounds, but not particle-bound water)

Ions (sulfate, nitrate, and ammonium)

Strong acidity (H")

Elemental carbon

Organic carbon (total, nonvolatile, and semivolatile; functional groups and individual species)
Transition metals (water soluble, bioavailable, oxidant generation)

Specific toxic elements and organic compounds

Crustal elements

Bioaerosols

Particle refractive index (real and imaginary)

Particle density

Particle size change with changes in relative humidity

Particle measurements are needed to determine if a location is in compliance with air

quality standards, to determine long-term trends in air quality patterns, and for use in

epidemiologic studies. For these purposes, the precision of the measurements made by a variety

of measurement instruments in use is a critical consideration. Therefore, the intercomparisons of

various samplers under a variety of atmospheric and air quality conditions are important.
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In order to reduce pollution to attain a standard, pollution control agencies and national
research organizations need measurements to identify source categories and to develop and
validate air quality models. For these purposes, PM parameters other than mass, such as
chemical composition and size distribution, must also be measured. Moreover, measurements
are needed with shorter time resolutions in order to match changes in pollution with the diurnal
changes in the boundary layer.

A number of PM measurements are needed for use in epidemiologic and exposure studies
and to determine components of PM to guide the planning and interpretation of toxicologic
studies. Thus, size and chemical composition measurements are important, as are measurement
across different time intervals. For epidemiologic studies of acute (i.e., short-term) PM
exposures, 1-h or continuous measurements can provide important information beyond that
provided by 24-h measurements. However, for epidemiologic studies of chronic PM exposures,
measurements that permit integration over longer intervals (e.g., a week to a month) are more
relevant. For dosimetric studies and modeling, information will be needed on the particle size
distribution and on the behavior of particles as the relative humidity and temperature changes
found in the atmosphere are increased to those found in the respiratory system.

For studies of ecological effects and materials damage, measurements of particles and of
the chemical components of PM in rain, fog, and dew are needed to understand the contributions
of PM to the soiling of surfaces and damage to materials and to understand the wet and dry
deposition of acidity and toxic substances to surface water, soil, and plants. Some differentiation
into particle size is needed to determine dry deposition.

For studies of visibility impairment and radiative effects, information is needed regarding
how particles scatter and absorb light, including data on refractive index, ratio of scattering to

absorption, size distribution, and change in particle size with change in relative humidity.

2.2.2  Issues in Measurement of Particulate Matter

The EPA decision to revise the PM standards by adding daily and yearly standards
for PM, s has led to a renewed interest in the measurement of atmospheric particles and to a
better understanding of the problems in developing precise and accurate measurements of
particles. It is very difficult to measure and characterize particles suspended in the atmosphere;

however, numerous improvements in PM monitoring are in use and others are in development.
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EPA’s PM standards are based, in part, on epidemiologic relationships between health effects
and PM concentrations as measured with existing monitoring methods. As understanding of
suspended PM has advanced and new monitoring information has become available, EPA has
changed the indicator for the PM NAAQS from TSP to PM,,, and added PM, ;. During the
current PM NAAQS review, consideration will be given to a standard for coarse thoracic PM.

The U.S. Federal Reference Methods (FRM) for PM, 5 and PM,, provide relatively precise
(= 10%) methods for determining the mass of material remaining on a Teflon filter after
equilibration. However, numerous uncertainties remain as to the relationship between the mass
and composition of material remaining on the filter as determined by the FRM measurement
procedure and the mass and composition of material that existed in the atmosphere as suspended
PM. As aresult, the EPA defines accuracy for PM measurements in terms of agreement of a
candidate sampler with a reference sampler. Therefore, intercomparison of samplers is very
important in determining how well various samplers agree and how various design choices
influence what is actually measured.

There are eight general areas where choices are made in the design and use of an aerosol
sampler. These include (1) consideration of positive artifacts due to chemical reaction or
adsorption, (2) treatment of semivolatile components, (3) selection of particle size cut
characteristics for the upper cut point, (4) separation of fine and coarse PM, (5) treatment of
pressure, temperature, and relative humidity, (6) time resolution, (7) assessment of the reliability
of the measurement technique, and (8) operation and maintenance procedures needed to maintain
consistent measurements over time. In many cases, choices have been made without adequate
recognition of their consequences. As a result, measurement methods developed by different
organizations may give different results when sampling the same atmosphere even though the

techniques appear to be similar.

2.2.2.1 Artifacts Due to Chemical Reactions

When TSP was collected on glass-fiber filters, the reaction of SO, (and other acid gases)
with basic sites on the glass fiber or with basic coarse particles on the filter led to the formation
of sulfate (or other nonvolatile salts, e.g., nitrate, chloride). These positive artifacts led to the
overestimation of mass, sulfate, and probably also of nitrate. The metal impurities in the glass

fiber resulted in high background levels that led to low precision in the measurement of trace
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metals. These problems were largely overcome by changing to quartz fiber or Teflon filters and
by the separate collection of PM, ;. However, the possible reaction of acidic gases with basic
coarse particles remains a possibility, especially with PM,, and PM,,, ; measurements. The
reaction of NH; with acidic particles, either during sampling or during transportation, storage,
and equilibration remains a problem in areas such as the eastern United States where PM is
frequently acidic. One technique that has been developed to overcome this problem makes use
of a denuder to remove NH; during sampling and to protect the collected PM from NH; (Suh
etal., 1992, 1994; Brauer et al., 1991; Koutrakis et al., 1988a,b). However, this technique has
been applied primarily for measurement of particle strong acidity, not for the measurement of
artifact-free ammonium or mass concentrations. In the measurement of particle strong acidity,

basic coarse particles must be separated from acidic fine particles (Koutrakis et al., 1992).

2.2.2.2 Treatment of Semivolatile Components of Particulate Matter

Current filtration-based mass measurements can result in significant evaporative losses,
during and possibly after collection, of a variety of semivolatile components (i.e., species that
exist in the atmosphere in dynamic equilibrium between the condensed phase and gas phase).
Important examples include ammonium nitrate, semivolatile organic compounds, and particle-
bound water. This problem is illustrated in Figure 2-18.

The following approaches, that have been used to address the problem of potentially lost

semivolatile components, will be discussed in more detail in subsequent sections.

(1) Collect/measure all components present in the atmosphere in the condensed phase except
particle-bound water. Examples: Brigham Young absorptive sampler and Harvard
pressure drop monitor. Both require preconcentration of the accumulation mode and
reduction of ambient humidity by diffusion denuder techniques.

(2) Stabilize PM at a specified temperature high enough to remove all, or almost all, particle-
bound water. This results in loss of much of the semivolatile PM. Examples: tapered
element oscillating microbalance (TEOM) operated at 50 °C beta gauge with heated inlet.

(3) Equilibrate collected material at fixed, near-room temperature and moderate relative
humidity to reduce particle-bound water. Accept the loss of an unknown but possibly
significant fraction of semivolatile PM. Examples: U.S. Federal Reference Method and
most filter-weighing techniques. Equilibration originally was designed to remove
adsorbed water vapor from glass fiber filters in order to maintain a stable filter weight.

2-56



Should be v
Retained AT g Uh Particle-Bound Water
b Should be Removed

{ Organic
Carbon

dmass/dlog D,
p
1
o
o
N
™

/ Elemental Carbon

Mineral/Metal

I
0.1 1.0 2.5

Aerodynamic Diameter, D, (um)
Semivolatile components subject to evaporation during or after sampling

Figure 2-18. Schematic showing major nonvolatile and semivolatile components of PM, ..
Semivolatile components are subject to partial-to-complete loss during
equilibration or heating. The optimal technique would be to remove all
particle-bound water but no ammonium nitrate or semivolatile organic PM.

The designated RH (35 + 5%) was a compromise. If the RH is too low, electrostatic
charging becomes a problem. The equilibration process does help provide a stable and
reproducible mass. The equilibrium process reduces the amount of particle-bound water
but may not remove all particle-bound water. Moreover, the equilibration process may
lead to the loss of other semivolatile PM components.

2.2.2.3 Upper Cut Point
The upper cut point of the high volume sampler varies with wind speed and direction.
However, it is usually desirable to have an upper cut point that is independent of these factors.

Considerations in selecting an upper cut point are discussed in Section 2.1.2.2.
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2.2.2.4 Cut Point for Separation of Fine and Coarse Particulate Matter

As shown in Table 2-2, fine and coarse particles differ not only in size but also in
formation mechanisms, sources, and chemical, physical, and biological properties. They also
differ in concentration-exposure relationships, dosimetry (deposition and retention in the
respiratory system), toxicity, and health effects as observed in epidemiologic studies. Thus, it is
desirable to measure fine and coarse PM separately in order to properly allocate health effects to
either fine or coarse PM and to correctly determine sources by receptor modeling approaches.
Considerations in selecting a cut point to separate fine and coarse particles are discussed in

Section 2.1.2.2.

2.2.2.5 Treatment of Pressure, Temperature, and Relative Humidity

There are a variety of techniques for defining (or ignoring) the pressure, temperature, and
relative humidity during and after sampling. For example, the sample volume may be based on
the mass or volumetric flow corrected to standard temperature and pressure (298 K and 1 atm)
(as in the current FRM for PM,,), or it may be based on the volumetric flow at ambient
conditions of temperature and pressure (current FRM for PM, ;).

There are also a variety of options for the control of temperature during collection. The
particles may be heated enough to remove much of the particle-bound water (i.e., TEOM at
50 °C); the particles may be heated several degrees, just enough to prevent condensation of
water in the sampling system; the particles and the sampler may be maintained near ambient
temperature (+ 5 °C of ambient temperature is required for EPA FRM samplers for PM, ;);
or the particles and sampler may be maintained at a constant temperature inside a heated or air
conditioned shelter. There are also options for controlling of temperature after collection:

(a) no control (room temperature) or (b) ship and store at cool temperature (4 °C is the current
EPA FRM requirement).

Consideration must also be given to relative humidity (RH). Changes in RH cause changes
in particle size of hygroscopic or deliquescent particles. Changing RH by adding or removing
water vapor affects particle number, particle surface area, and particle size distribution
measurements and the amount of overlap of accumulation-mode and coarse-mode particles.
Changing RH by intentional or inadvertent changes in temperature also affects the relative loss

of ammonium nitrate and semivolatile organic compounds. Monitoring personnel should be
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aware of the various options for the treatment of pressure, temperature, and RH factors; make
appropriate selections; and document which options are used.

Studies of relationships between personal/indoor/outdoor measurements present special
problems. Indoor environments are typically dryer than outdoors and may be warmer or, if
air-conditioned, cooler. These differences may change particle size and the amount of
volatilization of semivolatile components. Such changes between indoors and outdoors will
complicate the comparison of indoor to outdoor PM concentrations, the modeling of personal
exposure to all particles, and apportionment of personal exposure into particles of ambient

origin, particles of indoor origin, and particles originating from personal activity.

2.2.2.6 Time Resolution

The classic 24-h filter collection technique is being supplemented by a variety of
continuous monitors for various PM constituents. This process is being accelerated by the lower
operational cost of continuous monitors and the availability of new continuous monitors for
mass, number, and certain chemical components, as well as refinements of older methods based
on beta attenuation or light scattering. Most epidemiologic studies have used 24-hour
concentrations as exposure indicators. However, one epidemiologic study of chronic effects
uses a filter sampler with a 2-week collection period (Gauderman et al., 2000). Another recent
study used 1 to 2 h concentrations (see Peters et al., 2000). Continuous methods are discussed in

Section 2.2.5.

2.2.2.7 Accuracy and Precision

Precision is typically determined by comparing measurements obtained with collocated
samplers or through replicate analyses; whereas accuracy is determined through the use of
traceable calibration standards. Unfortunately, no standard reference calibration material or
procedure has been developed for suspended, atmospheric PM. It is possible to determine the
accuracy of certain components of the PM measurement system (e.g., flow control, inlet
aspiration, PM, s cut, weighing, etc.). The absolute accuracy for collecting a test aerosol can also
be determined by isokinetic sampling in a wind tunnel. However, it is not currently feasible to
provide a simulated atmospheric aerosol with naturally occurring semivolatile components. It is

particularly challenging to develop an atmospheric aerosol calibration standard suitable for
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testing samplers in the field. Therefore, it is not possible at the present time to establish the
absolute accuracy of a PM monitoring technique. Intercomparison studies may be used to
establish the precision of identical monitors and the extent of agreement between different types
of monitors. Such studies are important for establishing the reliability of PM measurements.
Intercomparison studies have contributed greatly to our understanding of the problems in PM
measurement. Such studies will be discussed as they apply to specific measurement problems,
monitoring instruments, or analytical techniques.

Some measurement errors of concern in PM,, sampling, including those that arise due to
uncertainty tolerances in cut point, particle bounce and reentrainment; impactor surface
overloading; and losses to sampler internal surfaces, were discussed in detail in the 1996 PM
AQCD (U.S. Environmental Protection Agency, 1996a). Other measurement errors of concern
in PM, ; sampling arise because of our inability to assess accuracy in an absolute sense due to a
lack of an atmospheric aerosol calibration standard, the inclusion in PM, 5 of a small amount of
coarse particles as discussed in Section 2.2.1.3, and problems associated with the definition
of PM, 5 as what remains on a filter after collection and equilibration, rather than as the mass of
particles as they exist in the air. Still, it is possible to measure PM indicators with high
precision. Detailed information on precision and quality assurance may be found on the EPA’s
Technology Transfer Network website (U.S. Environmental Protection Agency, 2002a). See
discussion in Section 2.2.4.

Because of the difficulties associated with determining the accuracy of PM measurements,
EPA has sought to make FRM measurements equivalent by specifying operating conditions and,
in the case of PM, 5 samplers, by specifying details of the sampler design. Thus, both the PM,,
and the PM, ; standards are defined with consistency of measurement technique rather than with
the accuracy of the true mass concentration measurement in mind (McMurry, 2000). It is
acknowledged in the Federal Register (1997) that, “because the size and volatility of the particles
making up ambient particulate matter vary over a wide range and the mass concentration of
particles varies with particle size, it is difficult to define the accuracy of PM, ; measurements in
an absolute sense. . . .” Thus, accuracy is defined as the degree of agreement between a
field PM, ; sampler and a collocated PM, ; reference method audit sampler (McMurry, 2000).
The Federal Reference Method for PM, ; is discussed in Section 2.2.3.3. As mentioned earlier,

volatilization of organic compounds and ammonium nitrate during sampling or post-sampling
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handling can lead to significant underestimation of the fine particulate mass concentration in
some locations. Sources of error in the measurement of mass of PM, 5 suspended in the
atmosphere also arise because of adsorption or desorption of semivolatile vapors onto or from
collected PM, filter media, or other sampler surfaces; neutralization of acid or basic vapors on
either filter media or collected PM; and artifacts associated with particle-bound water.

During the past 25 years, there have been advancements in the generation and
classification of monodisperse aerosols as well as in the development of electron microscopy and
imaging analyses that have contributed to the advancement in aerosol calibration (Chen, 1993).
Still, one of the limitations in PM sampling and analysis remains the lack of primary calibration
standards for evaluating analytical methods and for intercomparing laboratories. Klouda et al.
(1996) examined the possibility of resuspending the National Institute of Standards and
Technology (NIST) Standard Reference Material 1649 (Urban Dust) in air for collection on up to
320 filters simultaneously using SRI’s dust generation and collection system. However, the fine
component does not resuspend and the semivolatile component evaporates. Consequently, this
material is not a suitable standard for suspended PM. NIST is continuing work in this area with
EPA support.

Method validation was discussed in the 1996 PM AQCD (U.S. Environmental Protection
Agency, 1996a), and the usefulness of intercomparisons and “internal redundancy” was
emphasized. For example, a number of internal consistency checks are applied to the IMPROVE
network (Malm et al., 1994). These include mass balances, sulfur measurements by both
proton-induced X-ray emission (PIXE) and ion chromatography (IC), and comparison of organic
matter by combustion and by proton elastic scattering (PESA) of hydrogen. Mass balances
compare the gravimetrically determined mass with the mass calculated from the sum of the
major chemical components (i.e., crustal elements plus associated oxygen, organic carbon,
elemental carbon, sulfate, nitrate, ammonium, and hydrogen ions). Mass balances are useful
validation techniques; however, they do not check for, or account for, artifacts associated with
the absorption of gases during sampling, the loss of semivolatile material during sampling, or
errors in assumptions regarding unmeasured “associated species.” The mass balance check may
appear reasonable even if such artifacts are present, because only the material collected on the
filter is included in the balance. Mass balance checks may also suffer from errors due to some

particle-bound water remaining in the PM even after equilibration and from the use of an
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arbitrary factor to account for the amount of oxygen and hydrogen atoms per carbon atom in the

organic carbon fractions (Andrews et al., 2000).

2.2.3 Measurement of Semivolatile Particulate Matter

Some atmospheric species, such as ammonium nitrate, water, and certain organic
compounds have vapor pressures such that, for typical ambient concentrations and temperatures,
they may exist in an equilibrium state with some material in the gas phase and some in the
condensed (particulate) phase. Such species are known as semivolatile materials (SVM) and
may partition to varying degrees between the gas and particle phases (Pankow, 1994a). Organic
compounds with vapor pressure < 10°® Torr are nonvolatile, i.e., primarily in the particle phase.
Organic compounds with vapor pressure > 10~ Torr will be primarily in the gas phase. Organic
compounds with vapor pressures on the order of 10~ to 10°° are semivolatile. Semivolatile
material, originally in the atmosphere in the particulate phase and collected on a filter, may
subsequently be lost from the filter. For example, SVM may evaporate during sampling due to a
reduction in its concentration in the atmosphere being sampled or due to the pressure drop across
the filter. Or, SVM may evaporate after sampling; during intentional equilibration at a low
relative humidity; or during transport, handling, and storage if exposed to an atmosphere in
which the vapor pressure of one or more semivolatile components is lower than in the
atmosphere sampled. Since water is not a pollutant, it is necessary to remove most of the
particle-bound water before weighing (Chow, 1995). However, the collection and measurement
of ammonium nitrate and semivolatile organic compounds in suspended atmospheric PM

represents a major analytical challenge (McMurry, 2000).

2.2.3.1 Particle-Bound Water

It is generally desirable to collect and measure ammonium nitrate and semivolatile organic
compounds. However, for many measurements of suspended particle mass, it is desirable to
remove the particle-bound water before determining the mass. The mass of particle-bound water
is strongly dependent on the relative humidity and the particle composition. However, the
dependence on relative humidity is not linear, because there is significant hysteresis in the water
adsorption-desorption pathways (Seinfeld and Pandis, 1998). Water vapor cannot be controlled,

and particle-bound water is not included in the mass of PM subject to regulation and control.
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components, a measurement of PM mass including particle-bound water would depend more on
relative humidity than pollution. For all these reasons, it is usually desirable to remove most,

if not all, particle-bound water before weighing collected PM. On the other hand, in some
situations it may be important to know how much of the suspended particle mass or volume
results from particle-bound water. Figures 2-16a and 2-16b show the change in diameter of
sulfate particles as a function of relative humidity. Figure 2-16a also shows hysteresis resulting
from the difference between deliquescence and crystallization points.

Pilinis et al. (1989) calculated the water content of atmospheric PM above and below the
deliquescent point. They predicted that aerosol water content is strongly dependent on
composition and concluded from their calculations that liquid water could represent a significant
mass fraction of aerosol concentration at relative humidities above 60%. Since then, a few
researchers have attempted to measure the water content of atmospheric aerosols. Most
techniques have focused on tracking changes in the particle mass as the relative humidity is
changes. Only a few demonstrations have been carried out using atomospheric particles.

Of particular interest is the development of the Tandem Differential Mobility Analyzer (TDMA)
and its applications in investigations of the effects of relative humidity on particle growth.

Lee et al. (1997) examined the influence of relative humidity on the size of atmospheric
aerosols using a TDMA coupled with a scanning mobility particle sizer (SMPS). They reported
that the use of the TDMA/SMPS system allowed for the abrupt size changes of aerosols at the
deliquescence point to be observed precisely. They also reported that at relative humidities
between 81 and 89% the water content of ammonium sulfate aerosols (by mass) ranged from
47 to 66%.

Andrews and Larson (1993) investigated the interactions of single aerosol particles coated
with an organic film within a humid environment. Using an electrodynamic balance, they
conducted laboratory experiments in which sodium chloride and carbon black particles were
coated with individual organic surfactants (intended to simulate the surface-active, organic films
that many atmospheric aerosol particles may exhibit) and their water sorption curves were
examined. Their results showed that when ordinarily hydrophobic carbon black particles were
coated with an organic surfactant, they sorbed significant amounts of water (20 to 40% of the dry

mass of the particle).
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Liang and Chan (1997) developed a fast technique using the electrodynamic balance to
measure the water activity of atmospheric aerosols. In their technique, the mass of a levitated
particle is determined as the particle either evaporates or grows in response to a step change in
the relative humidity. Their technique was demonstrated using laboratory experiments with
NaCl, (NH,),SO,, NaNO,, and (NH,),SO,/NH,NO;, solutions. They concluded that one of the
advantages of their fast method is the ability to measure the water activity of aerosols containing
volatile solutes such as ammonium chloride and some organics.

Mclnnes et al. (1996) measured aerosol mass concentration, ionic composition, and the
associated water mass of marine aerosol over the remote Pacific Ocean. The mass of PBW was
determined by taking the difference between the mass obtained at 48% RH and at 19% RH,
assuming the aerosol particles were dry at 19% RH. Based on a comparison of the remote
Pacific aerosol to an aerosol collected at a site at the marine/continental interface of the
Washington coast, the amount of water associated with the aerosol was observed to be a function
of the ammonium to sulfate ratio. They found that the amount of water associated with the
submicrometer aerosol comprised 29% of the total aerosol mass collected at 47% RH and 9% of
the total mass at 35% RH.

Ohta et al. (1998) characterized the chemical composition of atmospheric fine particles
(50% cut point of 2 pm) in Sapporo, Japan and, as part of their measurements, determined the
water content using the Karl Fischer method (Meyer and Boyd, 1959). After exposing a Teflon
filter, a portion of the filter was equilibrated at 30% RH for 24 h. Then the filter piece was
placed in a water evaporator and heated at 150 °C, vaporizing the particle-bound water. The
evolved vapor was analyzed for water in an aqua-counter where it was titrated coulometrically in
Karl Fischer reagent solution (containing iodine, sulfur, and methanol). The accuracy of the
aqua-counter is = 1 mg. Using this technique, they determined that the water content of the
particles ranged from 0.4 to 3.2% of the total particulate mass (at RH <30%). This represents a
smaller portion of water compared to their previous reported values (Ohta and Okita, 1990),
which were determined by calculation at 50% RH.

Speer et al. (1997) developed an aerosol liquid water content analyzer (LWCA) in which
aerosol samples are collected on Teflon filters and then placed in a closed chamber in which
the relative humidity is closely controlled. The aerosol mass is monitored using a beta-gauge,

first as the relative humidity is increased from low RH to high RH, and then as the RH is
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decreased again. They demonstrated the LWCA on a laboratory-generated aerosol and on an
ambient PM, s sample collected in Research Triangle Park, NC. The ambient aerosol sample
was also analyzed for chemical constituents. It is interesting to note that, although their
laboratory-generated (NH,),SO, aerosol demonstrated a sharp deliquescent point, their
atmospheric aerosol, which was essentially (NH,),SO,, did not show a sharp deliquescent point.

Hygroscopic properties of aerosols have been studied from the viewpoint of their ability to
act as condensation nuclei. The hygroscopic properties of fresh and aged carbon and diesel soot
particles were examined by Weingartner et al. (1997) who found that fresh, submicron-size
particles tended to shrink with increasing relative humidity because of a structural change.
Lammel and Novakov (1995) found, in laboratory studies, that the hygroscopicity of soot
particles could be increased by chemical modification and that the cloud condensation nucleation
characteristics of diesel soot were similar to those of wood smoke aerosol.

The results of several of the above studies in which aerosol water content was determined
as a function of relative humidity are summarized in Figure 2-19, which includes the results of
Lee et al. (1997), Mclnnes et al. (1996), and Ohta et al. (1998). Relative humidity ranged from
9%, at which the aerosol water content was assumed to be zero (McInnes et al., 1996), to 89%, at
which the aerosol water content was determined to be 66% by mass (Lee et al., 1997). Koutrakis
et al. (1989) and Koutrakis and Kelly (1993) also have reported field measurements of the

equilibrium size of atmospheric sulfate particles as a function of relative humidity and acidity.
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Figure 2-19. Aerosol water content expressed as a mass percentage, as a function of
relative humidity.
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The effects of relative humidity on particle growth were also examined in several studies.
Fang et al. (1991) investigated the effects of flow-induced relative humidity changes on particle
cut sizes for aqueous sulfuric acid particles in a multi-nozzle microorifice uniform deposit
impactor (MOUDI). Laboratory experiments were conducted in which polydisperse sulfuric
acid aerosols were generated and the RH was adjusted. The aerosols were analyzed by a
differential mobility analyzer. Fang et al. (1991) observed that for inlet RH less than 80%, the
cut sizes for the sulfuric acid aerosols were within 5% of that for nonhygroscopic particles
except at the stage for which the cut size was 0.047 pm, (10.7% larger than the nonhygroscopic
particle cut size). They concluded that flow-induced RH changes would have only a modest
effect on MOUDI cut sizes at RH < 80%.

Hitzenberger et al. (1997) collected atmospheric aerosol in the size range of 0.06 to 15 pm
in Vienna, Austria using a nine-stage cascade impactor and measured the humidity-dependent
water uptake when the individual impaction foils were exposed to high RH. They observed
particle growth with varying growth patterns. Calculated extinction coefficients and single
scattering albedo increased with humidity.

The hygroscopic properties, along with the mixing characteristics, of the submicrometer
particles sampled in Los Angeles, CA during the summer of 1987 SCAQS study and at the
Grand Canyon, AZ during the 1990 Navajo Generating Station Visibility Study were reported by
Zhang et al. (1993). They used a tandem differential mobility analyzer (TDMA; McMurry and
Stolzenburg, 1989) to measure the hygroscopic properties for particles in the 0.05 to 0.5 um
range. In their experimental technique, monodisperse particles of a known size are selected from
the atmospheric aerosol with the first analyzer. Then, the relative humidity of the monodisperse
aerosol is adjusted, and the new particle size distribution is measured with the second analyzer.
At both sites, they observed that monodisperse particles could be classified according to “more”
hygroscopic and “less” hygroscopic. Aerosol behavior observed at the two sites differed
markedly. Within the experimental uncertainty (+ 2%) the “less” hygroscopic particles sampled
in Los Angeles did not grow when the RH was increased to 90%; whereas at the Grand Canyon,
the growth of the “less” hygroscopic particles varied from day to day, but ranged from near 0 to
40% when the RH was increased to 90%. The growth of the “more” hygroscopic particles in
Los Angeles was dependent on particle size (15% at 0.05 um to 60% at 0.5 um); whereas at the
Grand Canyon, the “more” hygroscopic particles grew by about 50% with the growth not
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varying significantly with particle size. After comparing the TDMA data to impactor data,
Zhang et al. (1993) surmised that the more hygroscopic particles contained more sulfates and
nitrates, while the less hygroscopic particles contained more carbon and crustal components.

Although most of the work to date on the hygroscopic properties of atmospheric aerosols
has focused on the inorganic fraction, the determination of the contribution of particle-bound
water to atmospheric particulate mass is greatly complicated by the presence of organics. The
effect of RH on the adsorption of semivolatile organic compounds is discussed elsewhere in this
chapter. Saxena et al. (1995) observed that particulate organic compounds can also affect the
hygroscopic behavior of atmospheric particles. They idealized the organic component of aerosol
as containing a hydrophobic fraction (e.g., high-molecular weight alkanes, alkanoic acids,
alkenoic acids, aldehydes, and ketones) and a hydrophilic fraction (e.g., lower molecular weight
carboxylic acids, dicarboxylic acids, alcohols, aldehydes, etc.) that would be likely to absorb
water. They then analyzed data from a TDMA in conjunction with particle composition
observations from an urban site (Claremont, CA) and from a nonurban site (Grand Canyon) to
test the hypothesis that, by adding particulate organics to an inorganic aerosol, the amount of
water absorbed would be affected, and the effect could be positive or negative, depending on the
nature of the organics added. They further presumed that the particulate organic matter in
nonurban areas would be predominantly secondary, and thus hydrophilic, compared to the urban
aerosol that was presumed to be derived from primary emissions and thus hydrophobic in nature.
Their observations were consistent with their hypothesis, in that at the Grand Canyon, the
presence of organics tended to increase the water uptake by aerosols; whereas at the Los Angeles
site, the presence of organics tended to decrease water uptake.

Peng and Chan (2001) also recently studied the hygroscopic properties of nine water
soluble organic salts of atmospheric interest using an electrodynamic balance operated at 25 °C.
Salts studied included sodium formate, sodium acetate, sodium succinate, sodium pyruvate,
sodium methanesulfonate, sodium oxalate, ammonium oxalate, sodium malonate, and sodium
maleate. They observed that hygroscopic organic salts have a growth factor of 1.76 to 2.18 from
RH = 10 to 90%, which is similar to that of typical hygroscopic inorganic salts such as NaCl
and (NH,),SO,.

Nonequilibrium issues may be important for the TDMA, as well as for other methods of

measuring water content. Although the approach to equilibrium as the RH is increased is
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expected to be rapid for pure salts, it may be much slower for aerosols containing a complex mix
of components (Saxena et al., 1995). For example, if an aerosol contains an organic film or
coating, that film may impede the transport of water across the particle surface, thus increasing
the time required for equilibrium (Saxena et al., 1995). Insufficient time to achieve equilibrium

in the TDMA could result in underestimation of the water content.

2.2.3.2 Nitrate and Organic Species
Particulate Nitrates

It is now well known that volatilization losses of particulate nitrates occur during sampling
on Teflon filters (e.g., Zhang and McMurry [1992]; see also Hering and Cass [1999] and Babich
et al. [2000]). The effect on the accuracy of atmospheric particulate measurements from these
volatilization losses is more significant for PM,  than for PM,,. The FRM for PM, ; will likely
suffer a loss of nitrates similar to that experienced with other simple filter collection systems.
Sampling artifacts resulting from the loss of particulate nitrates represents a significant problem
in areas such as southern California that experience high amounts of nitrates. Hering and Cass
(1999) reported on errors in PM, ; mass measurements due to the volatilization of particulate
nitrate (Figure 2-20). They examined data from two field measurement campaigns that were
conducted in southern California: (1) the Southern California Air Quality Study (SCAQS)
(Lawson, 1990) and (2) the 1986 CalTech study (Solomon et al., 1992). In both these studies,
side-by-side sampling of PM, ; was conducted. One sampler collected particles directly onto a
Teflon filter. The second sampler consisted of a denuder to remove gaseous nitric acid followed
by a nylon filter that absorbed the HNO; as it evaporated from ammonium nitrate. In both
studies, the denuder consisted of MgO-coated glass tubes (Appel et al., 1981). Fine particulate
nitrate collected on the Teflon filter was compared to fine particulate nitrate collected on the
denuded nylon filter. In both studies, the PM, s mass lost because of ammonium nitrate
volatilization represented a significant fraction of the total PM, s mass. The fraction of mass lost
was higher during summer than during fall (17% versus 9% during the SCAQS study, and 21%
versus 13% during the CalTech study; Figure 2-20). In regard to percentage loss of nitrate, as
opposed to percentage loss of mass discussed above, Hering and Cass (1999) found that the
amount of nitrate remaining on the Teflon filter samples was on average 28% lower than that on

the denuded nylon filters.
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Figure 2-20. Amount of ammonium nitrate volatilized from Teflon filters, expressed as a

percentage of the measured PM, ; mass, for the SCAQS and CalTech studies,
for spring and fall sampling periods.

Source: Hering and Cass (1999).

Hering and Cass (1999) also analyzed these data by extending the evaporative model
developed by Zhang and McMurry (1987). The extended model used by Hering and Cass (1999)
takes into account the dissociation of collected particulate ammonium nitrate on Teflon filters
into nitric acid and ammonia via three mechanisms: (1) the scrubbing of nitric acid and
ammonia in the sampler inlet (John et al. [1988] showed that clean PM, inlet surfaces serve as
an effective denuder for nitric acid); (2) the heating of the filter substrate above ambient
temperature by sampling; and (3) the pressure drop across the Teflon filter. For the sampling
systems modeled, the flow-induced pressure drop was measured to be less than 0.02 atm, and the
corresponding change in vapor pressure was 2%, so losses driven by pressure drop were not
considered to be significant in this work. Losses from Teflon filters were found to be higher
during the summer compared to the winter, higher during the day compared to night, and
reasonably consistent with modeled predictions.

Finally, during the SCAQS (Lawson, 1990) study, particulate samples also were collected
using a Berner impactor and greased Tedlar substrates in size ranges from 0.05 to 10 um in

aerodynamic diameter. The Berner impactor PM, s nitrate values were much closer to those
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from the denuded nylon filter than those from the Teflon filter, the impactor nitrate values being
~2% lower than the nylon filter nitrate for the fall measurements and ~7% lower for the summer
measurements. When the impactor collection was compared to the Teflon filter collection for a

nonvolatile species (sulfate), the results were in agreement. Chang et al. (2000) discuss reasons

for reduced loss of nitrate from impactors.

It should be noted that filters or collection surfaces were removed immediately after
sampling and placed into vials containing a basic extraction solution during these
intercomparison studies to preclude losses that might occur during their handling, storage, and
equilibration. The loss of nitrate observed from Teflon filters and impaction surfaces in this
study, therefore, is a lower limit compared to losses that might occur during the normal
processes involved in equilibration and weighing of filters and impaction surfaces. Brook and
Dann (1999) observed much higher nitrate losses during a study in which they measured
particulate nitrate in Windsor and Hamilton, Ontario, Canada, by three techniques: (1) a single
Teflon filter in a dichotomous sampler, (2) the Teflon filter in an annular denuder system (ADS),
and (3) total nitrate including both the Teflon filter and the nylon back-up filter from the ADS.
The Teflon filter from the dichotomous sampler averaged only 13% of the total nitrate, whereas
the Teflon filter from the ADS averaged 46% of the total nitrate. The authors concluded that
considerable nitrate was lost from the dichotomous sampler filters during handling, which
included weighing and X-ray fluorescence (XRF) measurement in a vacuum.

Kim et al. (1999) also examined nitrate sampling artifacts by comparing denuded and
undenuded quartz and nylon filters, during the PM,, Technical Enhancement Program (PTEP) in
the South Coast Air Basin of California. They observed negative nitrate artifacts (losses) for
most measurements; however, for a significant number of measurements, they observed positive
nitrate artifacts. Kim et al. (1999) pointed out that random measurement errors make it difficult
to measure true amounts of nitrate loss.

Diffusion denuder samplers, developed primarily to measure particle strong acidity
(Koutrakis et al., 1988a,b, 1992), also can be used to study nitrate volatilization. Such
techniques were used to measure loss of particulate nitrate from Teflon filters in seven U.S.
cities (Babich et al., 2000). Measurements were made with two versions of the Harvard-EPA
Annular Denuder System (HEADS). Nitric acid vapor was removed by a Na,CO,-coated

denuder. Particulate nitrate was the sum of nonvolatile nitrate collected on a Teflon filter and
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volatized nitrate collected on a Na,CO,-coated filter downstream of the Teflon filter (full
HEADS) or on a Nylon filter downstream of the Teflon filter (Nylon HEADS). It was found that
the full HEADS (using a Na,CO, filter) consistently underestimated the total particulate nitrate
by approximately 20% compared to the nylon HEADS. Nonvolatilized nitrate was also
measured on a Teflon filter from collocated Harvard Impactors (HIs). The PM, ; HI sampler,
like the PM, ; FRM, uses impactors with a 50% cut at 2.5 pm. The HI uses a 37-mm filter and a
flow rate of 10 L/min (0.465 L/min/cm?), while the FRM uses a 47-mm filter and a flow rate of
16.7 L/min (0.481 L/min/cm?). Therefore, the flow rate and pressure drop across the filters are
similar and the loss of nitrate should be similar for both types of samples. Babich et al. (2000)
found significant nitrate losses in Riverside, CA; Philadelphia, PA; and Boston, MA but not in
Bakersfield, CA; Chicago, IL; Dallas, TX; or Phoenix, AZ where measurements were made only
during the winter. Tsai and Huang (1995) used a diffusion denuder to study the positive and
negative artifacts on glass and quartz filters. They found positive artifacts attributed to SO, and
HNO,; reaction with basic sites on glass fibers and basic particles and negative artifacts attributed
to loss of HNO, and HCl due to volatilization of NH,NO, and NH,Cl and reaction of these
species with acid sulfates.

Eatough et al. (1999a) developed a high-volume diffusion denuder system that combined
diffusion denuder and particle concentrator techniques (see Section 2.2.3.2). In this system, the
particle concentrator reduces the flow through the denuder so that the denuder can be operated
for weeks without a loss of collection efficiency, making the sampler suitable for routine field
sampling. The system was evaluated for the collection of fine particulate sulfate and nitrate in
Riverside, CA (Eatough et al., 1999b). Concentrations of PM,  nitrate obtained from the PC[]
BOSS agreed with those obtained using the Harvard-EPA Annular Denuder Sampler, HEADS
(Koutrakis et al., 1988Db).

Particulate Organic Compounds

Many semivolatile organic compounds (SVOCs) are of interest because of their possible
health effects. Semivolatile organic compounds include products of incomplete combustion
such as polycyclic aromatic hydrocarbons (PAHs) and polycyclic organic matter, which has been
identified as a hazardous air pollutant. Polycyclic aromatic hydrocarbons also have been

suggested as alternative particulate tracers for automobile emissions, because lead is no longer a
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good tracer for automobile emissions sources due to the phase-out of organo-lead additives in
gasoline (Venkataraman et al., 1994). PAHs also are emitted during biomass burning, i.e.,
burning of cereal crop residues and wood fuels (Jenkins et al., 1996; Roberts and Corkill, 1998).

A number of studies have used absorbing material following quartz filters to determine
phase equilibria of specific organic compounds (Liang et al., 1997; Gundel et al., 1995; Kamens
et al., 1995). Much work has also gone into the development of a theory to help understand the
phase relationships (Yamasaki et al., 1982; Rounds and Pankow, 1990; Pankow, 1987, 1994a,b;
Pankow et al., 1993; Rounds et al., 1993; Odum et al., 1994). The development of a theory
describing phase equilibria of SVOC and the gas/particle partitioning of SVOC on inorganic,
organic, and ambient smog aerosols is ongoing (Liang et al., 1997; Jang et al., 1997; Strommen
and Kamens, 1997; Jang and Kamens, 1998, 1999, 2001; Leach et al., 1999; Kamens et al.,
1999; Kamens and Jaoui, 2001; Chandramouli and Kamens, 2001; Chandramouli et al., 2003).

The mass of OC and EC is usually determined by the analysis of PM collected on a quartz
filter. However, quartz fiber filters have a large specific surface area on which adsorption of
gases can also occur. Possible artifacts associated with adsorption of organic gases onto quartz
filters have been examined in experiments in which two quartz-fiber filters were deployed in
series. The second quartz filter may indicate gaseous volatile organic compounds (VOCs)
adsorbed on both filters (positive artifact), SVOCs evaporated from particles on the first filter
and subsequently adsorbed on the second filter (negative artifact) or a combination of both
effects. Unless the individual compounds are identified, the investigator does not know what to
do with the loading value on the second filter (i.e., to add or subtract from the first filter loading
value). Moreover, even if the individual compounds were identified on the back-up filter, the
decision concerning adding or subtracting the back-up filter loading would not be
straightforward.

The positive quartz filter artifact has been discussed by Gundel et al. (1995) and Turpin
et al. (2000). It is also possible that some SVOCs may desorb from the filter resulting in a
negative artifact (Eatough et al., 1993, 1995; Tang et al., 1994; Gundel et al., 1995; Cui et al.,
1998; Pang et al., 2001; Finn et al., 2001). Semivolatile organic compounds can similarly be lost
from Teflon filters because of volatilization, causing the PM, ; mass to be significantly
underestimated (negative artifact). Like particulate nitrates, the FRM for PM, s will suffer loss

of SVOC similar to the losses experienced with other simple filter collection systems. Most

2-72



studies that have focused on the positive and negative sampling artifacts associated with SVOCs
have used either diffusion denuder technology (Eatough et al., 1995; Mader et al., 2001) or
placed an adsorbent media, such as a back-up quartz filter or a polyurethane foam adsorbent,
behind the main filter (Wallace and Hites, 1995). Further information on denuder techniques is
given in Appendix 2A.

Using their multichannel diffusion denuder sampling system (BOSS), Eatough et al. (1995)
reported that, for samples collected at the South Coast Air Quality Management District
sampling site at Azusa, CA, changes in the phase distribution of SVOCs could result in an
average loss of 35% of the particulate organic material. Cui et al. (1998) found that losses of
SVOCs from particles in the Los Angeles Basin during the summer were greater during the night
(average = 62%) than during the day (average = 42%).

The percent SVOC lost from the front filter in a filter-denuder system may be greater than
that lost in a filter-only system such as the FRM. In a filter-denuder system, the gas-phase
component of the SVOCs is removed. The absence of the gas-phase causes the gas-particle
equilibrium to shift, so the SVOCs collected on the filter may evaporate more rapidly in a filter-
denuder system than in a filter-only collection system. To determine the fraction of SVOCs lost
from a Teflon filter in a filter-only system, it is necessary to compare the amount measured by a
nondenuder system with that measured by a denuder system. (Similar considerations apply to
the collection of ammonium nitrate. However, in the case of ammonium nitrate, the total
particulate nitrate is easily obtainable from the sum of nitrate on the Teflon front filter and the
back-up Nylon filter. In the case of SVOCs, the existence of the positive artifact [since the
organic denuder is less efficient than the nitric acid denuder], makes it much more difficult to
determine the total OC.) At present, little information is available on the volatilization losses of
SVOCs. However, in one study (Pang et al., 2001), the total mass on denuded and undenuded
filters were compared and found to be identical within error limits (R* = 0.816, slope = 0.961 +
0.027 for total mass compared to R* = 0.940, slope = 0.986 + 0.020 for sulfate). Pang et al.
(2001) interpreted this result as suggesting that the major cause of loss of SVOC:s is the pressure
drop across the filter.

Positive artifacts may occur during sample collection because of the adsorption of gases
onto the filter materials (e.g., Gundel et al., 1995). Using a quartz filter behind a Teflon filter,

Kim et al. (2001a) estimated that on an annual average basis 30% of the PM, ; organic carbon
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concentration resulted from positive artifacts. Quartz fiber filters have a larger positive artifact
than Teflon filters because of a greater adsorption of organic vapor onto quartz fibers (Turpin
et al., 1994; Chow et al., 1994a,b, 1996; Eatough et al., 1996; Finn et al., 2001; Kirchstetter
etal., 2001).

Kirchstetter et al. (2001) reported that adsorptive properties of quartz fiber filters vary with
lot number; therefore, front and back-up filters should be taken from the same lot. The literature
suggests that a Teflon filter followed by a quartz back-up filter provides a better estimate of the
adsorption of gases on a quartz fiber front filter than does a quartz filter followed by a quartz
backup, and that the difference between these two adsorption estimates can be substantial for
short durations (Novakov et al., 1997; Kirchstetter et al., 2001; Turpin et al., 2000). The
typically lower organic carbon loadings on concurrently collected quartz followed by quartz
filters relative to Teflon followed by quartz filters are believed to occur because adsorption on
the quartz front filter acts to reduce the gas-phase concentration downstream until adsorption
equilibrium has been achieved in the vicinity of the front quartz filter surface. Because Teflon
filters have little affinity for organic vapors, this equilibrium occurs almost instantaneously for
Teflon filters; and the Teflon-quartz back-up filter is exposed to the ambient concentration of
organic vapors from the beginning of the sampling period. It might be expected that the quantity
of organic vapor adsorbed on quartz filters would depend on the organic composition and would
vary by season and location. However, it is also possible that the quartz possesses a limited
number of adsorption sites that are rapidly occupied, so that the quantity of OC on the back up

filter would be relatively constant and depend on the pretreatment of the quartz.

Combined Measurement of Semivolatile Nitrate and Organic Carbon and Nonvolatile
(Organic Carbon, Elemental Carbon, Nitrate, and Sulfate)

Fine particles in urban atmospheres contain substantial quantities of semivolatile material
(e.g., NH,NO; and SVOCs) that are lost from particles during collection on a filter. Several
diffusion denuder samplers have been developed for the determination of both NO,™ and organic
semivolatile fine particulate components as well as nonvolatile nitrate, organic compounds, and
nonvolatile sulfate (Pang et al., 2001; Eatough et al., 1993). The combination of technology
used in the BOSS diffusion denuder sampler and the Harvard particle concentrator has resulted
in the Particle Concentrator-Brigham Young University Organic Sampling System (PC-BOSS)
for the 24-h integr