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This article summarizes the collection methods and analyt-
ical approaches used for the analysis of time-integrated
samples (i.e. samples collected over a period of time and
returned to the laboratory for analysis) and continuous
methods (i.e. in-field measurements) for the measure-
ment of airborne particles. The collection method needs
to be considered an integral part of the quantification
process since how samples are collected can impact
whether the results represent what is in the air or have
been modified. Thus, the primary focus of this article is
on measurement process, collection and analysis, with
only a short description of the motivation for these
measurements.

1 INTRODUCTION

Atmospheric particulate matter (PM) is a complex
chemical mixture of liquid and solid particles suspended
in air.l)’ Measurements of this complex mixture form
the basis of our knowledge regarding particle forma-
tion, source-receptor relationships, data to test and
verify complex air quality models, and how PM impacts
human health, visibility, global warming, and ecological
systems.®

Historically, PM samples have been collected on filters
or other substrates with subsequent chemical analysis
in the laboratory and this is still the major approach for
routine networks®# as well as in research studies. In this
approach, air, at a specified flow rate and time period, is
typically drawn through an inlet, usually a size selective
inlet, and then drawn through filters, also at a specified
flow rate.® Measurements of PM composition in routine
networks in the United States typically include sulfate,
nitrate, ammonium, organic carbon (OC), elemental
carbon (EC), and trace elements. These components are
routinely determined in the laboratory by ion chromato-
graph (IC; ions), thermal-optical analysis (TOA; OC
and EC), X-ray fluorescence (XRF; trace elements), and
inductively coupled plasma-mass spectrometry (ICP-MS;
trace elements).¥ After applying correction factors for
other species associated with trace elements, converting
OC to organic material (OM), and applying stoichiometry
for compounds such as ammonium nitrate and ammo-
nium sulfate, the measured mass is typically accounted
for within £10-20% as illustrated in Figure 1. Major
uncertainties in this comparison include negative arti-
facts associated with loss of semivolatile species with the
Federal Reference Method (FRM) mass measurement,
not accounting for particle associated water either with
the FRM or measured components, and conversion of
OC to OM as well as trace elements to compounds. These
routinely measured compounds have been the bases for
source apportionment modeling.”® Research studies
also have determined the concentration of numerous
individual organic species and trace elements,® the latter
not determined by XRE®19 Many of these individual
species are considered to be molecular markers for
specific sources or source categories, e.g. levoglucosan for
biomass burning; cholesterol for meat cooking; vanadium
and nickel for oil combustion.”:®)

Over the last two decades, a range of semicontinuous
and continuous methods (herein referred to as contin-
uous with a time resolution often at or less than 1 h) have
been developed that measure bulk chemical composition
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Figure 1 Monthly average PM, ; mass and composition in Pittsburgh, PA. The ‘missing’ component is the difference between the
FRM (Federal Reference Method) measurement and the sum of the chemical components. The FRM mass is greater than the sum
of the chemical components for July—January, and less than the sum of the chemical components in February and March. The error
bars represent uncertainty in the mass balance on a monthly average basis. OM is defined as 1.8 x OC. (Reproduced with permission

from Ref. 6 © Elsevier, 2004.)

in various size ranges.!1?) In these methods, the collec-
tion and analysis steps both occur in the field with the
ability to provide data in real time as opposed to filter-
based methods where the sample is brought back to the
laboratory for analysis and may require significant time
(30 days) for results. Clear advantages of having high
time resolution, continuous data collection, and much
lower cost for sampling media, shipping, and laboratory
processing is weighted by the higher capital costs of real-
time measurement instruments and increased require-
ment of field maintenance and calibration. Single particle
mass spectrometers also have been implemented in the
field to obtain the chemistry of single particles across a
large particle size range (nanoparticles to 10 pm). This
approach provides data at high time resolution.
Examples of continuous methods are provided within
but their use in routine monitoring networks has not
materialized. Several continuous methods stand out and
are used in research studies. These include, for example,
the particle-into-liquid sampler (PILSU34) and the
ambient ion monitor (AIM) for ions, select elements
and water soluble OC;in situ XRF(9 and semicontinuous
elements in aerosol sampler-I1I (SEAS-III") for trace
elements; TOA for OC and EC;® absorption methods
for black carbon (BC!D); thermal aerosol desorption
(TAD) gas chromatography/mass spectrometry (MS)1®
for organic compounds; and aerosol and particle mass
spectrometers,11? the former providing bulk mass
concentrations of non-refractory species simultaneously

between about 0.05 and 1pm, the latter the chemical
composition of single particles across a large size range.

In the last 5 years, there has been a significant paradigm
shift in the approach to air pollution monitoring, moving
away from large, stationary, expensive monitors to minia-
ture monitors referred to as air pollution sensors.?%2D
These monitors are not only small, but they are portable,
of relatively low cost and low power, and are becoming
ubiquitous in the environment partially driven by the
emergence of Citizen Science.?” In the United States,
sensors are being evaluated by the EPA (United States
Environmental Protection Agency) and the South
Coast Air Quality Management District and readers
are referred to their publications for more information
on this topic.?3*¥

This article summarizes collection methods and analyt-
ical approaches used for the analysis of time-integrated
samples (i.e. samples collected over a period of time and
returned to the laboratory for analysis) and continuous
methods (i.e. in-field measurements) for the measure-
ment of airborne particles rather than the atmospheric
science behind the measurements. The collection method
needs to be considered as an integral part of the quantifi-
cation process since how samples are collected, handled,
transported, and extracted can impact whether the results
accurately represent what is in the air or have been modi-
fied. Thus, the primary focus of this article is on measure-
ment process, collection, and analysis, with only a short
description of the motivation for these measurements.
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GROUND-BASED AEROSOL MEASUREMENTS
2 COLLECTION AND ANALYSIS METHODS

2.1 Particle Mass

While the focus of this article is the chemical analysis
methods used to determine the chemical composition of
particle mass in air, mass is a fundamental measurement
and is currently the parameter regulated by the EPA
because of the relationship of PM mass to adverse health
effects, visibility impairment, and global warming.?2>
The chemical components of PM mass are likely to have
a causal role in these important issues and this is why
it is essential to obtain measurements that represent
what is in the air, for which, the analytical chemical
analysis methods described later in this article are crit-
ical. However, PM mass is a challenging parameter to
measure since it is composed of thousands of species, a
significant fraction of which are semivolatile. Depending
on the environmental conditions and sampling method,
the measured particle mass may not represent PM mass
concentrations as present in the atmosphere. In this
section, methods to measure PM mass in relevant size
ranges are described.

2.1.1 Federal Reference Methods

In 2012, the EPA established new National Ambient
Air Quality Standards for PM in the size range below
2.5pm aerodynamic diameter (AD) and below 10pm
AD.?® FRM and Federal Equivalent Methods (FEM)
are detailed as part of this standard.”” In general, PM
mass is obtained in the field employing FRM samplers
operating at a flow rate of 16.7 L min~! over a sampling
period of 24 h.?® FRM samplers use Teflon (47 mm poly-
tetrafluoroethylene, PTFE) filters that are equilibrated
and weighed before and after sampling at a speci-
fied temperature (20-23+2°C) and relative humidity
(3040 +5%) for not less than 24 h. Filters are shipped
to and from the field under reduced temperature (e.g.
<4°C for Chemical Speciation Network or CSN). PM
mass is obtained gravimetrically, using a balance by
subtracting the initial mass (clean filter) from the final
mass (sampled filter). Concentrations of PM in air,
typically in microgram per cubic meter, are obtained
by dividing the determined mass by the volume of air
sampled. A number of samplers have been approved
by the EPA as either FRM or FEM.?® FRM methods
are all manual methods where the filter needs to be
changed in the field whereas FEM methods are mostly
continuous (Section 2.1.2). For PM, s (particulate matter
with an aerodynamic diameter greater than 2.5 pm), 18
FRM samplers and 16 continuous or FEM samplers have
been identified.®® While National Ambient Air Quality
Standards have not been developed for coarse particles
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(PM;, — PM, 5) or particles in the size range between 2.5
and 10pm AD, 11 FRM and FEM samplers have been
designated.®® These FRM and FEM samplers determine
coarse mass either by difference (PM;,—PM,s) or by
the use of a dichotomous sampler that employs a virtual
impactor® that separates particles less than 2.5 yum AD
from particles above 2.5pm AD. A PM,, (particulate
matter with an aerodynamic diameter less than 10 pm)
inlet removes particles greater than 10 um AD.®® There
are also 31 FRM and FEM PM10 samplers.?®

2.1.2 Continuous and Semi-continuous Methods

Rather than transport filters between the laboratory
and field performing chemical analysis in the laboratory,
continuous methods bring the analytical method to the
field. Continuous methods require little operator inter-
vention and can provide near continuous data in real time.
FEM methods when used for regulatory purposes report
24-h average data as required by the EPA®?; however,
when used for other purposes they can report data down
to 1min time resolution depending on the method.!}
FEM methods estimate PM mass using beta attenuation,
the tapered oscillating micro balance (TEOM) with or
without the filter dynamic measurement system (FDMS),
light scatting, or a combination of beta attenuation and
light scattering. The beta attenuation monitors (BAM)
and TEOM/TEOM-FDMS directly measure the mass of
particles collected on the filter, whereas light scattering is
considered an indirect method. Continuous methods are
often employed to measure PM mass in research studies.
The FDMS accounts for the potential loss of semivolatile
components of PM mass (i.e. water associated with
particles, ammonium nitrate, and semivolatile organic
compounds).©® In addition to light scattering, particle
size distribution data also has been used to estimate PM
mass. However, this method and light scattering require
additional information about the measured particles,
such as shape, density, and/or composition to obtain
accurate estimates of PM mass. Variations in temperature
and relative humidity can impact the accuracy of these
methods as well. Additional details of these methods can
be found elsewhere.(!D

Ultrafine particles (UFPs), defined as particles with
diameters less than 100 nm, are of significant concern
with regard to their impact on human health.® A
brief summary of the characteristics, health effects,
and measurement methods are described.12>30) UFPs
have little mass, so inertial methods are typically not
applicable. Typically, UFP mass is derived from size
distributions data, such as that obtained from a scanning
mobility particle sizer (SMPS), which measures mobility
diameter based on the application of an electrical field to
size the particles. Mobility diameter can be related to AD
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if the effective density, which can be estimated from the
aerosol mass spectrometer measurements!? is known.
An SMPS, in conjunction with aerodynamic particle sizer
(APS), can obtain a particle size distribution from a few
nanometers up to 10 pm.1-39

2.2 Ionic Species

2.2.1 Extraction Methods

Extraction of ionic species from collected PM is rela-
tively straightforward as the species targeted are highly
soluble in aqueous solutions and extraction only requires
relatively mild agitation over short periods of time.® In
applications where a hydrophobic PTFE filter is used to
collect PM for subsequent laboratory analysis, a wetting
agent (e.g. S0pL of ethanol®V) can be used to ensure
adequate contact between the aqueous solution and the
filter media/collected sample.

Care must be taken during sampling to ensure that
gaseous species do not interfere with the measurement
of particulate ionic species. For most approaches, this is
accomplished by using a tubular, annular, or honeycomb
denuder upstream of the collection substrate to remove
basic or acidic gaseous species before the sampled air
passes through the filter. In a denuder, the high diffusivity
of gases leads to migration and collection on the walls,
while the high inertial momentum and low diffusivity
of particles in air allows them to pass through.*> To
remove acidic gases the denuder is coated with a thin

Secondary steam
controller

Steam jet
(0.42 L min")

Cartridge heater
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film of a basic compound, such as Naz;CO; or MgO. To
remove basic gases the denuder is coated with a thin
layer of an acidic compound, such as phosphorus or citric
acid. When sampling over extended periods, the sampling
approach must also be designed to minimize or account
for volatilization of ionic species from the vapor phase
(e.g. ammonium nitrate), such as using a sorbent material
downstream from the primary filter media.?

2.2.2 Continuous Methods

Continuous methods to measure a range of cations and
anions are available commercially and have been used
in a number of research studies. These approaches typi-
cally include solubilization of the ionic species into solu-
tion for analysis in the aqueous phase followed by a
variety of analysis methods that have been designed for
use in the field.('Y Ton chromatography is the most widely
used analytical method for continuously measuring ions
in situ in PM. Using commercially available IC systems,
a wide range of inorganic cations and organic and inor-
ganic anions can be measured. The IC systems are similar
to those widely employed in the laboratory and will
not be discussed further here. However, several different
approaches have been developed to incorporate the parti-
cles and ions into solution.

After removing gaseous interferences with gas
denuders, the particle-into-liquid IC1» (PILS-IC)
combines the particle-laden air stream with steam to grow
particles through condensation as shown in Figure 2. With

H,0 transport
flow (0.1 mL min~")

Ambient aerosol in
(5L min™")

H,O from
peristaltic pump
(0.35 ml min™")

. Polyethelyne
o o, impactor
t=1s u
N Impacted sample in

H,0 transport flow

Vacuum
pump

Figure 2 Schematic of the particle-into-liquid sampler (PILS) taken from Orsini et al. Preceding denuder not shown. (Reproduced

with permission from Ref. 13 © Elsevier, 2003.)
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GROUND-BASED AEROSOL MEASUREMENTS

greater inertia through condensational growth, particles
are impacted on a surface that is continuously washed
and the wash is collected in a sample loop for analysis by
IC. Time scales of less than 5min have been achieved,
quantifying, for example, four inorganic anions and four
inorganic cations as well, acetate, formate, and oxalate
with a time resolution of 15 min.0?

The AIM system provides time-resolved direct
measurement of anionic compounds contained in
ambient fine PM using a size-selective inlet, a diffu-
sion denuder to remove interfering acidic and basic gases,
a supersaturated growth chamber to grow particles, and
an inertial impaction collector.333% Selective detection
of nitrate and sulfate is performed by an automated IC
system.

A wet rotating denuder is used to initially collect gas
phase components in the Monitor for AeRosols and
Gases in Air®>39 (MARGA) system. Particles remaining
in the airstream are grown via a steam jet and collected
using a cyclone separator based on their increased inertia.
The solution from the cyclone separator and the solution
from the wet rotating denuder are separately analyzed by
IC for particulate and gaseous species, respectively.

Finally, an alternative approach for the continuous
measurement of ions uses thermal reduction with detec-
tion by gas analyzers (e.g. sulfate,®” nitrate, and/or
ammonium®®39). In this category, the sampled air is
drawn through a denuder to remove interfering gases
and then either heated in the presence of a catalyst while
in the air stream or particles are grown by condensa-
tion, impacted on a surface in the presence of a catalyst
and heated to generate gases. In all cases, the gases are
detected using a gas analyzer (e.g. NO-ozone chemilu-
minescence monitor that detects NO/NO, for nitrate
and ammonium; high-sensitivity pulsed fluorescence SO,
analyzer for sulfate).

2.3 Carbonaceous Components

Carbonaceous particles in the atmosphere contain a
complex mixture of organic compounds as well as inor-
ganic constituents that contain carbon. This mixture
is often simply classified into three major components
as OC, EC, and carbonate carbon (CC), although in
reality the OC is composed of a very large number of
individual species. The sum of these major components
represents total carbon (TC), where the separation
of particulate carbon into OC, EC, and CC is opera-
tionally defined based on the method of analysis.(149)
In parallel to this compositional categorization, water-
soluble organic carbon (WSOC) is a measure of the
water soluble components of TC.#D Measurement of
these components is commonly done from samples
collected on glass- or quartz-fiber filters with subsequent
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analysis in the laboratory or with a continuous sampler
in the field described later. BC is similar to EC but is
measured by optical methods. BC is measured in the
laboratory from samples collected on PTFE filters
by absorption using a transmissometer. There are
multiple in situ continuous analysis approaches.(1040)
Measurements of BC are more relevant to understanding
visibility and the earth’s radiation balance or global
warming.

2.3.1 Bulk Characterization

Direct measurement of the TC, as well as separation
into OC and EC fractions, is done through instruments
designed to heat collected particles in varying atmo-
spheres and measure the evolved carbon. As tempera-
ture steps and gases used can vary and impact the results
of this approach, the operational definition of OC and
EC depends on method specifics.!*? As a result, TC
is generally consistent (£20%) between measurement
approaches, while different methods provide different
quantification of OC versus EC (+20-50% for OC, up
to 200% for EC). First, samples are initially heated in
an inert atmosphere, usually He, with different temper-
ature steps allowing OM to volatilize and be quantified
as CO, using a nondispersive infrared detector® or the
CO, is reduced to methane and detected using a flame
ionization detector.*Y During this initial heating, some
of the collected OC may pyrolyze or char to EC, which
darkens the filter. This artifact of the analysis method is
corrected on the basis of changes in the optical proper-
ties of the sample during analysis employing a measure-
ment of either reflectance or transmittance of light from
or through the sample.®> After heating in an inert atmo-
sphere, a small percentage of oxygen is added allowing
graphitic material to be oxidized and measured as EC.
The pyrolized OC, actually measured as EC, is added to
the measured OC quantified during heating in the inert
atmosphere.®) The combination of thermal and optical
approaches has resulted in methods following this prin-
ciple being labeled TOA. As these methods only quantify
the carbon contained in a PM sample, the OC fraction is
multiplied by an inferred factor to account for the H, O,
S, N, and other elements contained in the organic matter
(OM). As the mass of other elements in the organic
matter varies based on the characteristics of the OM,
values from 1.2 to 2.2 have been used as the multiplica-
tion factor to convert OC into OM.“® While measure-
ment of TC, OC, and EC is fundamental to complete the
bulk characterization of the constituents contributing to
the particle mass,!? the relative contribution between
OC and EC has also been used to monitor secondary
organic aerosol formation.*”” More recently, OC and
EC have been estimated by analyzing functional groups
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using Fourier transform infrared (FTIR) from particles
collected on Teflon filters.484%)

Separately, CC can be quantified through acidification
of the sample and comparison to an untreated sample
with the difference in measured TC between untreated
and acidified sample representing CC.*¥ If CC is present
in high enough concentration, a carbonate peak can be
resolved in TOA during the highest temperature step
in the inert atmosphere, allowing a single measurement
to resolve TC into OC, EC, and CC.09 Entrainment
of crustal material is the primary source of CC to the
atmosphere.®V

While EC is operationally defined by the TOA method
used, a related measurement, BC, is also widely reported.
Reviews of the range of methods to measure BC and
EC as well as their limitations and uncertainties are
available.!V Concentrations of BC (associated with
diesel exhaust and also referred to as soot) and brown
carbon (associated with wild fires and residential wood
burning) are obtained through measurement of light
absorption, as opposed to chemical structure, and subse-
quently converted to an atmospheric concentration
by applying Beer’s law and an empirically defined
absorption coefficient.*? The absorption coefficient
ranges from about 7.5 to 15m?g~! due to the age of
the aerosol, particle size, and composition among other
parameters.®? Measurement of BC, as opposed to EC,
is typically motivated to quantify visibility and climate
impacts of particles®> as BC is a direct measure of
atmospheric absorption from which the absorption coef-
ficient can be determined. Measurement of BC or EC
is also motivated by the impact of these components on
the health effects of exposure to particles.°® Beyond the
visible spectrum, measurements of light absorbing carbon
in the ultraviolet spectrum have been used to track ultra-
violet absorbing particulate matter (UVPM), which can
track emissions from sources such as wildfires.®> Infor-
mation about approaches that measure BC and related
compounds are discussed under Section 2.3.4.

WSOC, often an important component of OC,®9 is
commonly measured by extracting collected particles
in deionized water and then through direct analysis of
carbon using a total organic carbon (TOC) instrument or
by spiking the extract onto a blank filter for analysis by
TOA.®? Continuous methods also have been developed
for WSOC and are briefly described later.

2.3.2  Bulk Chemical Properties

To investigate the structural properties of carbonaceous
particles suspended in the atmosphere, a variety of
spectroscopic approaches such as ultraviolet/visible®®)
(UV/VIS), FTIR®?, and nuclear magnetic resonance©”
(NMR) have been applied to aerosol samples. These

ENVIRONMENT: TRACE GAS MONITORING

approaches have been developed to characterize func-
tional groups (e.g. aromatic, alkane, or alkene; carboxylic
acids; esters; organonitrates; amines) present in particles.
These techniques have been used for various atmo-
spheric applications such as aerosol characterization,®!
tracking the atmospheric oxidation of OM by moni-
toring the generation and loss of specific functional
groups,©>6  determining the contribution of macro-
molecules to particle burdens®® or estimating the
correlation between OC and OM.“%69 While these
approaches have easy sample preparation, there is lack
of quantification, although recent work has used FTIR
quantitatively for several functional groups.(®®

2.3.3 Organic Speciation

Measurement of individual organic compounds present in
the condensed phase is motivated by understanding the
original source of the particles emitted through source
attribution,”’-® elucidating the chemical transformation
mechanisms in the atmosphere,©67 evaluating the toxi-
city or mutagenicity of the organic fraction of ambient
particles, 3% or tracking the long-range transport of
pollution to distant receptors.’” While OC often repre-
sents a significant fraction (10-70%) of the of the total dry
particle mass in the atmosphere, the presence of hundreds
or even thousands of individual species with different
chemical structures, the bulk (>80%) of which have not
been identified, poses significant analytical challenges.’
To this end, a range of methods have been developed
to quantify compounds in the organic fraction of PM
to provide better information for improving our under-
standing of health effects, global warming, atmospheric
chemistry, and source impacts of PM.(? Figure 3 details
the overall analytical separation of organic matter emitted
from motor vehicles while Table 1 lists some of the impor-
tant organic marker or tracer species used in source
apportionment models to link source impacts at receptor
locations.

For detailed quantification of organic species using
filter-based methods, sufficient sample must be collected
on the filter media. Thus collection often entails extended
sampling periods, aggregation of multiple samples
collected independently, or use of high-volume aerosol
samplers. Laboratory quantification of the collected
organic species may include multiple approaches, each
targeting different categories of compounds such as polar
species, nonpolar species, or macromolecules.’+7% Most
approaches initially spike the PM sample with a suite
of isotopically labeled standards to monitor recovery of
material during extraction and concentration. A suite
of suitable organic solvents or water is used for dissolu-
tion of the target species with multiple extraction steps,
where the extract from the multiple steps is typically
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Fine organic Extractable and Resolved Identified
compounds elutable organics organics1
142 mg L™ 118 -1 -1 5mgL-
mg mg L 18mgL g — Oxy-PAH
Not extractable PAH
or elutable
Alkanes
Unidentified
Extractable Unresolved _-Steranes
and elutable —Hopanes
Organic acids
Identified
Resolved

Figure 3 The analytical separation of organic compounds emitted from motor vehicles as total organic compounds, extractable

and elutable compounds, resolved species, and identified species. (Reproduced with permission from Ref. 73 © Elsevier, 1999.)

Table 1 Organic compounds used for source attribution

Organic aerosol sources

Specific organic markers

Important organic markers/source indicators

Gasoline-powered engine exhaust

Diesel engine exhaust

Natural gas combustion

Fuel oil combustion

Coal combustion — uncontrolled

Biomass burning (cellulose) (associated
sources: wildfires, forest fires, residential
wood combustion)

Soft wood burning (associated sources:
wildfires, forest fires, residential wood
combustion)

Hard wood burning (associated sources:
wildfires, forest fires, residential wood
combustion)

Fugitive dust from cultivated land
(associated sources: wildfires, forest fires)

Meat cooking

Plastic waste burning
Vegetative detritus

Leaf surface waxes (associated sources:
burning vegetative detritus, soil dust,
vegetarian cooking)

Cigarette smoke

SOA

Picene
Levoglucosan

Resin acids

Syringyl derivatives

Saccharides: mycose, sucrose,
a-, p-glucose
Cholesterol

iso-Nonacosane,
anteiso-triacontane,
iso-hentriacontane,
anteiso-dotriacontane,
iso-tritriacontane

1,2-Benzenedicarboxylic
acid, methyl-1,2-
benzenedicarboxylic
acid

Hopanes, steranes, PAHs, EC

Hopanes, steranes, EC

PAHs

Hopanes, steranes, EC

Hopanes, steranes, PAHs, EC

Resin acids, methoxyphenols, phytosterol,
fB-sitosterol, stigmasterol, campesterol,
saccharides

Tetradecanoic acid, pentadecanoic acid,
hexadecanoic acid, heptadecanoic acid,
octadecanoic acid, palmitin stearin

Even carbon alkanes

n-Nonacosane, n-triacontane,
n-hentriacontane, n-dotriacontane,
n-tritriacontane

Odd-carbon n-alkanes (> C,5); Even carbon
n-alkanoic acids (> C,;)

Not well defined

Reproduced with permission from Ref. 10 © Taylor & Francis, 2008.
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combined. Ultrasonic agitation,’” Soxhlet extraction,’®
or pressurized fluid extraction® have been used to
increase recovery of OM from PM filter samples. For
solvent extraction, the combined extract is concentrated
to improve method detection limits. This concentration
necessitates strict control of contamination in the solvents
as well as in the filter material or other substrate used
for sample collection, handling, and analysis.("7-30-82
Once concentrated, a portion of the extract under-
goes analytical separation using a method such as gas
chromatography (GC) or liquid chromatography (LC).
After separation, individual compounds are detected,
identified, and quantified using a variety of approaches
such as flame-ionization detection® (FID); MS using
electron impact,”) negative chemical ionization,®¥ or
positive chemical ionization;® UV/VIS spectrometry,$®
fluorescence,®” or electron-capture detection® (ECD).
Alternatively, a thermal denuder can be used to volatilize
organic compounds from the sample. The evolved gas is
then cryofocused and analyzed using GC-MS without the
use of solvent extraction.®>%) This method also is often
referred to in the literature as TAG GC/MS-FID.®?
Using any of these approaches to identify and quantify
organic species in air leaves a large unresolved fraction
that is slowly being identified. Many of these unidenti-
fied compounds are oxygenated macromolecules, and
oligomers.’17> An alternative approach to analysis of
polar compounds is chemical conversion of polar func-
tional groups to nonpolar derivatives and subsequent
analysis including conversion of fatty acids to their
methyl-ester derivatives via addition of diazomethane®V
or conversion of hydroxyl and carboxylic acid groups
to their trimethylsilyl esters through reaction with
bis(trimethylsilyl)trifluoroacetamide.®?

2.3.4 Continuous Methods

Commercial approaches that provide near real-time
measurements of TC, OC, and EC are available based
on the TOA approach.®® This approach continu-
ously collects particles on a quartz-fiber filter over a
user-defined period (e.g. 1h), after which the sample
is analyzed by TOA. A wider range of continuous
approaches target BC, as optical sensing is more suit-
able for continuous measurements.11*% Aethalometers
continuously measure the light absorption properties of
particles collected on a PTFE-coated borosilicate glass-
fiber filter tape, either at one wavelength (e.g. 880 nm)
or more recently up to seven wavelengths (370-990 nm)
where BC is measured at 880 nm.®> Absorption in the
near-UV (e.g. 370nm) provides an estimate of what is
referred to as brown carbon, which is correlated with
wood smoke.®® Photoacoustic spectrometers (PAS)
measure the expansion of gases caused by heating when
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the particle-containing air stream is illuminated at a
specific wavelength.®” The change in pressure by rapid
cycle illumination generates a sound wave measured
by a microphone, which is converted into a corre-
sponding BC concentration. The PAS has the advantages
that it does not use a filter and can be calibrated with
NO, ®® Continuous multiangle absorption photometers
(MAAP) measure light absorbed and scattered from a
filter as particles are deposited to allow for a continuous
determination of the light-absorbing BC. As the name
implies, it measures at multiple angles and in contrast
to the other methods, the MAAP usually does not use
empirical corrections.*® The continuous light-absorption
photometer (CLAP) provides measurement of the light
absorption of particles deposited at multiple points on
a single filter with internal reference filter spots.®” The
particle soot absorbing photometer (PSAP) measures
the change in transmittance through a filter at up to three
wavelengths.1%9 Comparisons among methods, using
TOA EC as a basis for converting absorption (m~!) to
concentration (umm™), indicate that the absorptivity
coefficient or mass absorption coefficient varies with the
method.>10D

WSOC is measured by using a PILS linked to a
continuous TOC analyzer.*! Secondary organic aerosol
species have been measured using a PILS followed
by a mass atmospheric ionization time-of-flight mass
spectrometer (ToFMS).(1"2  Organic species recently
have been measured continuously using TAG!® with
hourly or better time resolution. A combined TAG-
aerosol mass spectrometry (AMS) system provides
both typical AMS components (Section 2.5) collected
through one inlet and organic species that are sepa-
rated by the TAG system through a second inlet and
measured by the AMS.®” AMS has also provided an
estimate of hydrocarbon-like organic aerosols (HOA)
and oxygenated organic aerosols (OOA) where OOA
correlates with secondary organic aerosols and HOA
with relatively fresh emissions.(10%

2.4 Trace Elements

While trace elements may change oxidation state during
their lifetime in air, the bulk element is conserved. This
is important since specific sources or source categories
have unique trace element signatures and this provides an
additional tool for identifying sources of PM at receptor
sites. Table 2 lists some of the important trace element
marker species used in source apportionment models to
link sources to receptor locations.

Analysis of elements in atmospheric PM is typically
performed after collection of particles on filters as
the range of concentration for trace elements spans
several orders of magnitude, as shown in Figure 4.

Encyclopedia of Analytical Chemistry, Online © 2006-2017 John Wiley & Sons, Ltd.

This article is © 2017 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Analytical Chemistry in 2017 by John Wiley & Sons, Ltd.

DOI: 10.1002/9780470027318.a9582



GROUND-BASED AEROSOL MEASUREMENTS

Table 2 Important trace element marker species for major PM sources

(10,72)

Source

Marker species

Descriptions

Wild forest fires, residential fuel combustion
Waste burning and disposal

Oil combustion

Coal combustion
Industrial processing

Iron and steel production

K, Cl
K, As, Pb, Zn

Ni, V

S, Se
Zn, Pb, Cu, Mn, As, Hg

Fe, Cr, Ca, Cu, Rb

Forest fires, wood combustion, cooking, and
space heating

Agriculture burning, incineration,
prescribed burning

Oil refining; diesel-powered vehicles
including locomotives and heavy-duty
trucks and ships

Electric utility

Chemical, food and agriculture, mineral
processes, non-ferrous metal processes,
wood and paper, glass and related
products, electronics

Municipal waste incineration Cd, Pb, Hg, Sb
Soil-related components, road dust, windblown Al Si, K, Ca, Fe Soil; paved and unpaved roads, farm lands;
dust, construction and demolition buildings, road construction dust
Sea salt Na, Cl Marine aerosol
100 000
10 000
1000 [ } ]
100
10
1 -I[
0.1
0.01
P s P RY L EET2E3EFCE8EENG 6 3
zZ 0

Figure 4 Concentration (in ng m~?) of bulk components (TC, OC, EC, nitrate and sulfate) and trace elements. Plotted data from

Phoenix, AZ. (Reproduced from data in Ref. 104 © Air & Waste Management Association, 2011.)

The filter substrates commonly used are PTFE or
cellulose, which in many instances were precleaned
by washing with acids. Other types of collection
substrates including polyurethane foam, polyethy-
lene as well as glass or quartz fiber have also been
evaluated% but are rarely used owing to contamination
within the media itself and/or challenges in effectively

extracting or digesting elements from the collection
media.

Different approaches are used to measure the mass of
elements collected on the filter. These include the direct
analysis on the filter without sample pretreatment, solu-
bilization of the metals off the substrate, and complete
digestion of the sample and filter material.
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2.4.1 Direct Filter Analysis

XRF spectroscopy has been used for many years for the
direct analysis of PM collected on filters, primarily PTFE
filters.?? Directly analyzing the sample on the filter has
multiple advantages. First, by avoiding sample pretreat-
ment, this approach allows for rapid, high throughput
sample analysis making the method suitable for appli-
cation in large air monitoring networks, such as the
Interagency Monitoring of Protected Visual Environ-
ments (IMPROVE) network or the EPA CSN.® In
fact, improvements in XRF technology have resulted in
lower detection limits, reducing the number of methods
needed to obtain a full range of elements [e.g. in 2001
IMPROVE changed from dual analyses (proton induced
X-ray emission or PIXE: Na—Mn; energy dispersive X-
ray fluorescence or EDXRF: Na-Pb) to only EDXRF
(Na-Pb)].®» Secondly, the methods are commonly consid-
ered nondestructive, and although sample damage has
been reported,(1% filters can be analyzed by alternate
methods for other nonvolatile components. Semivolatile
components (e.g. ammonium nitrate and semivolatile
organics) can be volatilized due to the XRF beam heating
the sample or loss when samples are analyzed using a
vacuum-based XRF method,'%” so secondary analyses
may provide inaccurate results for those species.

The most serious limitation in XRF and similar direct
methods, even given recent advances, are relatively high
method detection limits compared to the spectrometric
methods detailed in Table 3. For example, IMPROVE and
CSN EDXRF methods can analyze for up to 48 elements
in a typical 24-h sample, but for CSN, only 10-15 elements
are above their detection limit and for IMPROVE, only
15-20 elements® and most of the detected elements
are sulfur and crustal species (e.g. Fe, Ca, Mn, Ti). This
limits their usefulness in source apportionment and health
studies.

Besides XRF, PIXE(108109 and instrumental neutron
activation analysis!!? (INAA) also have been used for
direct analysis but their application is limited due to the
lack of availability of these instruments.

Recent developments in the area of direct trace metal
analysis include the use of synchrotron-based techniques,
such as X-ray absorption near-edge structure (XANES)
spectroscopy!') to determine directly, without sample
preparation, the chemical speciation of a specific element
on the substrate such as the oxidation state of iron [Fe (IT)
vs Fe (II1)]M1? or arsenic.11%

2.4.2  Analysis after Sample Preparation

Many analytical approaches for total elemental concen-
trations as well as soluble metal concentrations or
chemical speciation measurements require sample
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preparation, typically extraction or digestion.!% Extrac-
tion uses a solvent, often an aqueous buffer solution,
to maintain a specific pH (e.g. to simulate lung fluids
or cloud droplets) to extract or leach out the soluble
metals.11¥ Alternatively, total metal concentrations are
obtained after digestion of the collected particles or
in some cases the whole sample (substrate plus parti-
cles). The digestion process typically involves mixtures
of strong acids (e.g. HNO;-HCI) and heating, and can
include the addition of oxidative agents (HCIO, or H,0,)
or hydrofluoric acid (HF), the latter in cases where silicon
containing soil material is expected.!!> Typically, diges-
tion is performed in pressure vessels using microwave
digestion systems.(®

The resulting liquid samples (extracts or digests) are
then analyzed using spectrometric techniques including
atomic absorption spectrometry (AAS), inductively
coupled plasma optical emission spectrometry (ICP-
OES), and ICP-MS.U-117 INAA, 119 noted earlier,
has proved to be a powerful analytical method used to
determine the elemental composition of PM, even in
samples collected at the South Pole.('®

AAS overall has relatively higher detection limits than
the other methods so the number of elements observed
is limited. Today, major, minor, and trace multiele-
ment analysis of particles is typically performed using
ICP-OES or ICP-MS, the latter becoming increasingly
common. Both ICP methods provide low detection
limits and high reproducibility.!'® ICP-MS has a linear
response over several orders of magnitude and overall has
less analytical interferences than ICP-OES. However,
while Fe determination using ICP-MS is problematic,
improvements are observed when collision or reactor
cell technology is employed.®? Analysis of silicon using
ICP-MS remains challenging and is typically less sensitive
than ICP-OES. Neither methodology allows for analysis
of light elements, such as C, O, and N. While frequently
over 50 elements can be measured in urban PM samples,
a major drawback is the requirement of sample pretreat-
ment to extract or digest samples, which is more costly
than direct elemental analysis methods. ICP-MS and
ICP-OES also have been coupled to chromatographic
separation techniques to determine the speciation of
metals in atmospheric particles.(1?

Advances have been made recently using laser ablation-
inductively coupled plasma-mass spectrometry?? (LA-
ICP-MS). LA-ICP-MS eliminates the need for sample
pretreatment while taking advantage of the low detection
limits and multielement capabilities of I[CP-MS. However,
quantitation remains a major challenge.1?!

A unique advantage of MS in elemental analysis is the
ability to determine specific isotopes.!!P This allows for
the use of isotope ratios as a tool to apportion the sources
of specific metals in atmospheric PM.
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Table 3 Detection limits for select trace metals in air (ng m~) for various analytical approaches

EDXRF EDXRF ICP/MSP ICP-OES* INAA°
(CSN 2012)? (IMPROVE 2012)*

Sodium Na 57 57.97 - 0.18
Magnesium Mg 19 5.75 53 231
Aluminum Al 27 24.73 13.5 5
Silicon Si 19 . - 37.8 -
Phosphorus P 18 023 7.03 229 -
Sulfur Si 11 0.26 - - -
Chlorine Cl 11 0.26 - - 9.2
Potassium K 11 39.52 451 0.92
Calcium Ca 8.3 51.44 22.7 231
Titanium Ti 5.8 0.63 0.7 4.6
Vanadium A\ 42 . 0.11 1.5 0.04
Chromium Cr 2.8 0.12 0.83 2.6 92.5
Manganese Mn 29 0.25 0.48 0.9 0.02
Iron Fe 3.4 . 16.84 7.5 4629
Cobalt Co 2.0 NA 0.09 33 0.4
Nickel Ni 1.9 . 1.26 3.1 1.8
Copper Cu 2.6 0.21 0.41 33 0.9
Zinc Zn 8.8 0.25 2.35 26.4 9.2
Gallium Ga NA NA 0.10 - -
Arsenic As 2.8 0.19 0.20 5.5 0.09
Selenium Se 2.7 0.21 0.51 34.3 9.2
Bromine Br 2.5 . 0.00 - 0.04
Strontium Sr 3.8 0.24 0.45 0.2 04
Zirconium Zr 25 1.11 1.8 92.6
Molybdenum Mo - 1.43 1.9 5
Silver Ag 40 0.20 - 0.04
Cadmium Cd 24 0.03 1.1 4.2
Tin Sn 39 0.30 9.2 9.2
Antimony Sb 56 0.25 5.5 0.4
Barium Ba 60 0.35 0.7 2.3
Cerium Ce - 0.02 10.6 9.2
Tungsten \W - 1.18 12.5 0.09
Gold Au - 23.17 1.9 0.09
Mercury Hg - - 0.00 12.1 0.9
Lead Pb 6.4 0.62 0.36 7 -

aSolomon et al.®

bUpadhyay et al. (2015); nanogram per cubic meter obtained by assuming 24 h sampling at 16.9 L min~!.
¢US EPA 1999 Compendium of Methods for the determination of Inorganic Compounds in Ambient Air, EPA/625/R-960/010a, Office of Research

and Development, Washington, DC, 1999.

2.4.3 Continuous Methods

Methods for high time resolution data of trace elements
fall into two categories: collection in the field with
subsequent laboratory analysis and in situ collection
and analysis of trace elements in the field. They both
provide a semi-continuous high temporal resolution
record of elemental concentrations in the air but the
former approach is not capable of providing real-time
data. For the former, two more common approaches are
the Davis rotating-drum universal-size-cut monitoring
(DRUM) impactor!?? and the SEAS-111?» and SEAS
1.7 The DRUM impactor collects particles in up
to eight size ranges using a separate Mylar filter tape
with each size fraction. Tapes are brought back to the

laboratory for analysis by, for example, PIXE, proton
elastic scattering analysis (PESA), synchrotron XRF, or
other similar methods.(1?>124125 PESA allows for the
measurement of hydrogen, which has been used as a
surrogate for organic content.?® The rotation speed of
the DRUM and size of the analysis spot dictate the time
resolution of the results. SEAS collects particles as small
as 80nm by condensational growth from direct steam
injection into vials for periods as short as 30 min. The
slurry is analyzed in the laboratory using, for example,
graphite furnace AAS or ICP-MS.(17:123)

Several continuous in situ measurement methods for
elements in atmospheric PM have been developed over
the last decade or so. These include methods that employ
XRF for bulk elemental measurements and PILS-XRF or
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PILS-liquid waveguide capillary cell (LWCC) for water
soluble elements.

Two commercial in situ XRF instruments are avail-
able: the Xact™ (Cooper Environmental Services,
Beaverton, OR, USA) and the atmospheric heavy metals
monitoring systems (AMMS-100, Focused Photonics
(Hangzhou), Inc., China). Comparison of 24-h aver-
ages of the hourly Xact measurements (K, Ca, Fe,
Mn, Ti, Cu, V, Ni, Zn, As, Ba, and Pb) to laboratory
EDXRF on 24-h integrated filter samples show good
agreement!?” with a coefficient of determination (%)
ranging from 0.73 to 0.97 with regression slopes of
0.84-2.37 for 12 elements. Water-soluble elements have
been continuously determined using PILS coupled to
either the Xact or an LZWCC coupled to an absorbance
spectrophotometry. Soluble Fe was determined by the
latter method1?8129 whereas the concentration of 14
water-soluble elements (S, K, Ca, Ti, Mn, Fe, Cu, Zn,
As, Se, Br, Sr, Ba, and Pb) were determined by the
former.(130
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2.5 Particle Mass Spectrometry

There are generally two types of particle MS instru-
ments: ones that volatilize and ionize particles in one
step utilizing laser desorption/ionization and the aero-
dyne aerosol mass spectrometer (AMS), where parti-
cles are impacted onto a surface, the surface heated
followed by electron impact to ionize the components
as shown in Figure 5. In the latter, results represent the
bulk mass concentrations of non-refractory species (e.g.
sulfate, nitrate, ammonium, and organics) typically in
submicron particles as a function of particle diameter.
The former provides the chemical composition of indi-
vidual particles. Another difference is that the AMS, until
recently, could not analyze refractory components, such
as BC. That changed with the development of the soot
particle aerosol mass spectrometer(13? (SP-AMS) and the
SP2-AMS, the latter briefly described below. The AMS
also has utilized a range of mass spectrometers to detect
the ions generated, including a quadrupole (Q), time-of-
flight (ToF), or high-resolution (HR)-ToF mass analyzer.

| s Particles

Scattering
lasers (532 nm

Reflectron Reflectron

— | =
| - HH& mw—e T
|| AT |
Detectors J ‘ Nd:YAG
laser (266 nm)
(b)
Particle beam Aerodynamic sizing Particle
generation composition
Quadrupole
Aerodynamic particle . mass spectrometer
focusing lens Particle beam c—— Thermal
TOF chopper |

{ vaporization

] and
H.

Electron

- — o
T | | impact
1 | L | ionization
“Turbo . [ Turbo |
Turbo | pump _)
L pump J pump b

(d)

Figure S Schematic diagrams of the four particle mass spectrometers that operated during the Atlanta Supersite Project. (a)
Particle analysis by laser mass spectrometer (PALMS), (b) aerosol time-of-flight mass spectrometer (ATOFMS), (c) rapid single-
particle mass spectrometer IT (RSMS-II), and (d) aerosol mass spectrometer (AMS). (Reproduced with permission from Ref. 131 ©

John Wiley and Sons, 2003.)
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Four particle MS were first compared during the
1999 Atlanta Supersites Experiment!*" (Figure 5) and
included the Aerosol Time-of-Flight Mass Spectrometer
(ATOFMS), Rapid Single-Particle Mass Spectrometer
IT (RSMS-II), and Particle Analysis by Laser Mass
Spectrometer (PALMS), all of which utilize laser desorp-
tion/ionization, and the AMS. This was the first field
experiment for three of the particle MS (PALMS, RSMS-
II, and AMS). Since then particle mass spectrometers
have provided a wealth of information on the chemistry
of PM in air as a function of particle size and at high
time resolution. Reviews of particle mass spectrometers
have been published including a review of online aerosol
instrumentation available in 2005,13% the AMS and
variations of the AMS,1? and a review of a range of
particle MS methods.!” These reviews do not discuss
the SP-AMS, 132 which is unique in that it measures
refractory BC.

The SP-AMS combines the HR-ToF-AMS!3% with the
Single Particle Soot Photometer (SP2). The SP-AMS
incorporates an intracavity Nd:YAG laser (1064 nm) that
vaporizes particles similar to those used in the SP2 instru-
ment, which are then detected by the HR-ToF-AMS. As
with the standard AMS, the SP-AMS provides bulk BC
results as a function of particle size whereas the SP2, as
its name implies, reports single particle BC results. The
SP-AMS design, mass spectral interpretation, calibration,
and sensitivity have been well described.13? The method
has a 3¢ detection limit of less than 0.1 pgm~2 for a 60's
averaging time and a sensitivity of greater than 140 carbon
ions detected per picogram of refractory BC mass.

3 SUMMARY

The goal of an atmospheric scientist investigating the
chemical composition of PM is to determine that compo-
sition as it is present in air. This is difficult since PM is a
complex mixture of solid and liquid particles consisting of
a wide range of species, including ionic components (e.g.
ammonium nitrate), carbonaceous components (e.g. OC,
EC, and potentially 1000s of organic species), and trace
elements that cover the full spectrum of the periodic table.
Thus, no single method is capable of measuring all of
them. Also because of this complexity, multiple methods
are needed to collect samples while attempting to avoid
changes in the collected sample during sampling, trans-
port, and storage. The analysis methods themselves can
result in sampling artifacts. Many analytical and sampling
methods have been developed and employed and this
article has attempted to highlight both and to identify
some of the challenges. The approaches include filter-
based methods where the sample is collected in the
field with subsequent chemical analysis in the laboratory,

13

and continuous methods where the sampling and anal-
ysis both occur in the field. The latter provides poten-
tial for near-real time data. In many cases, the sampling
and analytical measurements are well established, while
new ones are continuously being developed and eval-
uated. This is important since data collected by these
methods have and will continue to play a critical role
in our understanding of atmospheric chemistry, identi-
fying source impacts at receptor locations, data to test and
verify complex air quality models, and most importantly
how atmospheric particles impact human health, ecosys-
tems, visibility, and global warming.

4 DISCLAIMER

The United States Environmental Protection Agency
through its Office of Research and Development collab-
orated in the development of this article. It has been
subjected to Agency review and approved for publica-
tion. Mention of trade names or commercial products
does not constitute endorsement, certification, or recom-
mendation for use.

ABBREVIATIONS AND ACRONYMS

AAS Atomic Absorption Spectrometry
AD Aerodynamic Diameter

AIM Ambient Ion Monitor

APS Aerodynamic Particle Sizer

ATOFMS Aerosol Time-of-Flight Mass
Spectrometer

BAM Beta Attenuation Monitor

BC Black Carbon

CC Carbonate Carbon

CLAP Continuous Light-absorption
Photometer

CSN Chemical Speciation Network

DRUM Davis Rotating-drum

Universal-size-cut Monitoring
EC Elemental Carbon

ECD Electron-capture Detection

EDXRF Energy Dispersive X-ray Fluorescence

EPA United States Environmental
Protection Agency

FDMS Filter Dynamic Measurement System

FEM Federal Equivalent Method

FID Flame-ionization Detection

FRM Federal Reference Method
FTIR Fourier Transform Infrared
GC Gas Chromatography

HF Hydrofluoric Acid
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HOA
HR

IC
ICP-MS

ICP-OES
IMPROVE
INAA
LA-ICP-MS

LC
LWCC
MAAP
MARGA
MS
NMR
oC

oM
OO0A
PALMS

PAS
PESA
PILS
PIXE
PM
PSAP
PTFE

Q
RSMS-II

SEAS-III

SMPS
SP-AMS

TAD
TC
TEOM
TOA
TOC
ToF
ToFMS
UFP
UV/VIS
UVPM

WSOC
XANES
XRF

Hydrocarbon-like Organic Aerosol
High-resolution

Ton Chromatograph

Inductively Coupled Plasma-mass
Spectrometry

Inductively Coupled Plasma Optical
Emission Spectrometry

Interagency Monitoring of Protected
Visual Environment

Instrumental Neutron Activation
Analysis

Laser Ablation-inductively Coupled
Plasma-mass Spectrometry

Liquid Chromatography

Liquid Waveguide Capillary Cell
Multiangle Absorption Photometer

Monitor for AeRosols and Gases in Air

Mass Spectrometry

Nuclear Magnetic Resonance
Organic Carbon

Organic Material

Oxygenated Organic Aerosol
Particle Analysis by Laser Mass
Spectrometer

Photoacoustic Spectrometer
Proton Elastic Scattering Analysis
Particle-into-liquid Sampler
Proton Induced X-ray Emission
Particulate Matter

Particle Soot Absorbing Photometer
Polytetrafluoroethylene
Quadrupole

Rapid Single-Particle Mass
Spectrometer I1

Semicontinuous Elements in Aerosol
Sampler-111

Scanning Mobility Particle Sizer
Soot Particle Aerosol Mass
Spectrometer

Thermal Aerosol Desorption
Total Carbon

Tapered Oscillating Micro Balance
Thermal-optical Analysis

Total Organic Carbon
Time-of-flight

Time-of-flight Mass Spectrometer
Ultrafine Particle
Ultraviolet/Visible

Ultraviolet Absorbing Particulate
Matter

Water-soluble Organic Carbon
X-ray Absorption Near-edge Structure
X-ray Fluorescence
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