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When multiple instruments are used in tandem it is possible
to obtain more complete information on particle transport and
physicochemical properties than can be obtained with a single in-
strument. This article discusses tandem measurements in which
submicrometer particles classified according to electrical mobil-
ity are then characterized with one or more additional methods.
Measurement combinations that are summarized here include mo-
bility plus mass, aerodynamic (or vacuum aerodynamic) diameter,
integrated or multiangle light scattering, composition by single par-
ticle mass spectrometry, electron microscopy, and so on. Such mea-
surements enable intercomparisons of different measures of size
including mobility diameter, optical size, aerodynamic diameter,
volume (for agglomerates and nanowires), length (for nanowires),
and mass, even for particles that are morphologically and chemi-
cally complex. In addition, the article summarizes the use of tandem
techniques to measure various transport properties (e.g., dynamic
shape factor, sedimentation speed, diffusion coefficient) and physic-
ochemical properties (e.g., mixing state, shape, fractal dimension,
density, vapor pressure, equilibrium water content, composition).
In addition to providing an overview of such tandem measurements
we describe previously unreported results from several novel tan-
dem measurement methods.
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NOMENCLATURE∗

a radius of primary particle in an agglomerate

B mechanical mobility

Cc slip correction factor

c∗ dimensionless drag force

cm aerosol mass concentration

D diffusivity

dcm/d log dm aerosol mass distribution function

da aerodynamic diameter

d f nanowire (nanotube) diameter

D f fractal dimension

dm mobility diameter

dpae projected area equivalent diameter

dve volume equivalent diameter

e elementary charge

F aerodynamic drag force

k Boltzmann constant

Kn Knudsen number = 2λ/d

m particle mass

n p number of elementary charges

T temperature

v particle volume

V electrophoretic drift velocity

Z electrical mobility

χ dynamic shape factor

λ mean free path of carrier gas

µ viscosity of carrier gas

ρparticle inherent material density of particle = m/v

ρeffective effective density = 6m/πd3
m

ρ0 unit density (1 g/cm3)

∗The superscripts atm and v refer to properties measured at pressures
of 1 atmosphere and 260 Pa, respectively.
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802 K. PARK ET AL.

INTRODUCTION

Fine and ultrafine particles in the atmosphere are of interest

because of their effects on the earth’s radiation budget (IPCC

2007), visibility impairment (NRC 1993), and human health

(Oberdörster 2000; Peters et al. 1997). These effects depend on

particle “size,” morphology, and composition. It is now well es-

tablished that different measurement methods provide different

measures of particle size. For example, atmospheric particles of

a given mobility size commonly have several different optical

sizes (Covert et al. 1990; Dick and McMurry 2007; Dockery and

Pope 1994; Heintzenberg et al. 2002; Heintzenberg et al. 2004;

Hering and McMurry 1991; Naoe and Okada 2001; Okada and

Heintzenberg 2003), masses (Geller et al. 2006; McMurry et al.

2002), and aerodynamic sizes (DeCarlo et al. 2005; McMurry

et al. 2002), indicating that they are chemically and/or morpho-

logically different. There is a need to understand the particle

chemical and physical properties that determine these relation-

ships. Recent work on tandem measurements of multiple particle

properties has begun to provide such information.

Analytical chemists have used ion mobility spectrometers

(IMS) in tandem with gas chromatographs (GC), liquid chro-

matographs (LC), and mass spectrometers (MS) to obtain in-

formation about structures of ion clusters and large molecules

(Eiceman and Karpas 2005). For example, IMS-MS measure-

ments have demonstrated that carbon cluster ions of a given mass

have several discrete mobilities corresponding to different iso-

mers (von Helden et al. 1991) and that the structure of complex

molecules such as proteins changes with charge (Clemmer et al.

1995). De la Mora and coworkers have developed differential

mobility analyzers (DMA) suitable for high resolution classifi-

cation in the 1 nm range. They have carried out pioneering DMA-

MS measurements that have provided new insights into mass-

mobility relationships for ions and nanoparticles (Fernández de

la Mora et al. 1998; Ude et al. 2006; Ude and Mora 2005) as well

as DMA-impactor measurements aimed at measuring nanoparti-

cle mass and impactor performance (Ude and de la Mora 2003).

Similarly, Kaufman’s gas-phase electrophoretic mobility molec-

ular analyzer (GEMMA), which involves mobility classification

with a DMA (Kaufman 1998), has been used with a mass spec-

trometer to determine molecular weight, size, and density of

poly(amido-)amine (PAMAM) dendrimers (Müller et al. 2007).

Developments of tandem measurements in two areas are

providing information on the properties of larger aerosol par-

ticles (10–1,000 nm) (McMurry 2000; McMurry et al. 2004).

These include tandem measurements of mobility size followed

by measurements of other properties including light scattering,

mass, morphology and composition, and tandem measurements

of particle aerodynamic size and/or optical properties followed

by measurement of composition by mass spectroscopy (Cana-

garatna et al. 2007; DeCarlo et al. 2005; Nash et al. 2006; Noble

and Prather 2000). This article focuses on tandem measurements

for which particles are first classified according to mobility with

conventional DMAs (Chen et al. 1998; Knutson and Whitby

1975; Liu and Pui 1974).

Table 1 lists instruments that we and others have applied in

various combinations to mobility classified particles. Table 2

defines the acronyms found in Table 1 and elsewhere. A variant

of this approach involves using a tandem differential mobil-

ity analyzer (TDMA) system (Rader and McMurry 1986) ei-

ther separately or together with other measurement methods.

TDMA measurements enable studies of various processes on

particle properties. Processes that have been investigated with

TDMAs include the condensation and evaporation of liquids,

and chemical reactions. The concept behind tandem measure-

ments discussed in this overview is illustrated in Figure 1.

Particles separated according to mobility can be analyzed di-

rectly with another method to obtain information on the distri-

bution of another property for those mobility-classified particles.

TABLE 1

Instrumentation

Instrument Measured Property Reference

DMA Z = neB = neCc(dme)

3πµdme
= neCc(dve)

3πµdveχ
(Knutson and Whitby 1975; Liu and Pui 1974)

APM m (Ehara et al. 1996)

ATOFMS dv
a ; single particle composition (Gard et al. 1997)

CCN Activation when exposed to slightly

supersaturated water vapor

(Delene and Deshler 2000; Hudson 1989; Roberts

and Nenes 2005)

MALS Light scattering intensity vs. polar and

azimuthal angles

(Dick and McMurry 2007; Dick et al. 1998;

Wyatt et al. 1988)

Impactor: MOUDI, LPI datm
a (Hering et al. 1977; Hering and Friedlander 1979;

Marple et al. 1991)

OPCs Integrated light scattering intensity (Cooke and Kerker 1975; Heyder and Gebhart

1979; Liu and Daum 2000; Szymanski and Liu

1986)

TEM Morphology, D f ; v (Park et al. 2004a, 2004b)
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TANDEM MEASUREMENTS OF AEROSOL PROPERTIES 803

TABLE 2

List of acronyms

AMS: Aerodyne Aerosol Mass Spectrometer

APM: Aerosol Particle Mass Analyzer

ATOFMS: Aerosol Time-of-Flight Mass Spectrometer

CCN: Cloud Condensation Nucleus Concentration

DMA: Differential Mobility Analyzer

LPI: Low Pressure Impactor

MALS: Multiangle Light Scattering

MOUDI: Microorifice Uniform Deposit Impactor

NAA: Neutron Activation Analysis

OPCs: Optical Particle Counters

TDCIMS: Thermal Desorption Chemical Ionization Mass

Spectrometer

TDMA Tandem Differential Mobility Analyzer

HTDMA: Hygroscopicity Tandem Differential Mobility

Analyzer

RTDMA: Reaction Tandem Differential Mobility

Analyzer

VDMA: Volatility Tandem Differential Mobility

Analyzer

TEM: Transmission Electron Microscope

Alternatively, the mobility-classified particles can undergo pro-

cessing and the mobility distributions of those processed parti-

cles can be measured in a TDMA system before other instru-

ments are used to measure additional properties. A challenge of

such work involves developing data inversion approaches that

provide the most quantitative possible information on measured

distributions (Cubison et al. 2005; Emery 2005; Stolzenburg and

McMurry 1988).

Table 3 summarizes measurement approaches that have been

used with DMAs in tandem with other instruments for mea-

suring various transport properties of submicrometer particles.

Because electrical mobility and diffusivity both vary in propor-

tion to mechanical mobility, diffusivity can be determined di-

rectly from mobility measurements. By adding a measurement

of mass with the Aerosol Particle Mass analyzer (APM) (Ehara

et al. 1996), it is possible to determine the sedimentation speed

and aerodynamic diameter. Dynamic shape factors can be deter-

mined by using a Transmission Electron Microscope (TEM) to

obtain estimates of the volume of irregularly shaped particles.

The preferential electrostatic orientation of irregularly shaped

particles during electrical mobility classification can affect mo-

bility classification if fields are sufficiently high or particles are

sufficiently long. For example, it has been shown experimentally

that large fibers (>0.1 µm) become aligned at field strengths

of <1 kV/cm (Lilienfeld 1985), which are often exceeded in

DMAs, and chain agglomerates formed from ∼100 nm PSL

spheres can align parallel to the electric field as they are classi-

fied by DMAs, leading to lower drag and higher mobilities than

would occur for random orientations (Kousaka et al. 1996; Ze-

lenyuk and Imre 200). The tendency of nanowires to align has

also been studied in detail (Kim et al. 2007; Kim and Zachariah

2005, 2006). These studies showed that for fields up to 1 kV/cm,

nanowires (d f = 15 nm) with aspect ratios less than 30 rotate

freely due to Brownian rotation while those with aspect ratios

exceeding 30 align with the field. The extent to which nonspher-

ical particles orient may have a significant impact on values of

D, vs , dv
a , datm

a , and χ that are determined from the tandem

measurements summarized in Table 3.

Chan and Dahneke (1981) reported Monte Carlo simulations

of drag for chain agglomerates in the free molecular regime

assuming hard sphere collisions. The Basic Chain Unit (BCU)

used in their calculations consisted of two hemispheres joined at

their poles, and they reported results for the dimensionless drag,

defined as (Chan and Dahneke 1981):

c∗ =
F K n

µaV
. [1]

In the limit of low transport speeds, the dimensionless drag on

BCU traveling with axes parallel to the direction of motion was

TABLE 3

Measurements of transport properties

Transport Property Instruments Reference

Electrical Mobility: Z = n peB DMA (Knutson and Whitby 1975; Liu

and Pui 1974)

Diffusivity: D = kT B DMA (Hinds 1999)

Sedimentation Speed: vs = mgB DMA + APM (Hinds 1999)

Dynamic Shape Factor: χ = dm

dve

Cc(dve)

Cc(dm )
DMA + TEM (Kasper 1982; Park et al. 2004c)

Aerodynamic Diameter: (datm
a )2Cc(datm

a ) =
1

χatm

ρparticle

ρ0
d2

veC(dve) =
ρe f f ective

ρ0
d2

mC(dm)

DMA + APM (McMurry et al. 2002); Figure 2

Vacuum aerodynamic diameter vs. mobility

diameter dv
a = 1

χv

ρparticle

ρ0
dve; d2

veC(dve) =

6mχatm

πρparticledm
C(dm)

DMA + AMS DMA

+ ATOFMS

Figure 2
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804 K. PARK ET AL.

FIG. 1. Schematic of aerosol tandem measurements discussed in this article. Particles of a given mobility diameter are selected by a DMA from the sampled

aerosol. Further information about aerosol physicochemical properties is obtained one or more additional measurement methods in series. An alternative involves

using a TDMA to processes the aerosol prior to measuring additional properties.

equal to 4.59 and 6.77, respectively, for specular and diffuse re-

flections. For BCU moving with their axis perpendicular to the

direction of motion, these values were 9.10 and 11.52. Corre-

sponding values for randomly oriented BCU were found to be

6.85 and 9.34. It is known that collisions of molecules and ions

are elastic, so for such collisions the specular results apply. Colli-

sions of gas molecules with particles with mass diameters larger

than ∼2 nm, however, are inelastic (Tammet 1995), and the drag

should be closer to (but still less than) the value for diffuse re-

flections (Li and Wang 2003a, 2003b). For spherical particles,

empirical observations have shown that the dimensionless drag

equals 5.77, corresponding to collisions that are approximately

10% specular and 90% diffuse (Li and Wang 2003a). For large

chain agglomerate particles, such as would be produced in a

combustion process, the overall orientations of pairs of primary

particles during mobility classification in a DMA would likely

be nearly random. However, if the agglomerate is longer along

a particular axis, dipole interactions may cause it to align with

the field in analogy to the previously mentioned observations for

fibers. This may affect its mobility, and therefore the value of

the dynamic shape factor determined from the mobility. Accord-

ingly, care should be taken when using dynamic shape factors

determined from measurements of electrical mobility when cal-

culating values of diffusion coefficient or sedimentation speed,

since particles may not align themselves in the same manner

during such transport.

Table 4 summarizes some particle physical/chemical prop-

erties that have been measured using methods that involve

preselecting particles with a DMA. In some cases these mea-

surements have been carried out on atmospheric aerosols, while

in other cases they were done on engine exhaust or well-

characterized laboratory aerosols. Such measurements enable
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TANDEM MEASUREMENTS OF AEROSOL PROPERTIES 805

TABLE 4

Measurements of particle physical/Chemical properties: DMA systems

Properties Instruments References

dpae for agglomerates or nanowires DMA (Jung et al. 2004; Kim and Zachariah 2005;

Park et al. 2004c; Rogak and Flagan 1993)

v or dve for agglomerates DMA + TEM (Lall and Friedlander 2006; Lall et al. 2008;

Lall et al. 2006)

Length of Nanowires (Nanotubes) DMA + TEM (Kim et al. 2007; Kim and Zachariah 2005,

2006)

Bright/dark particle ratio & mixing state;

dm vs. optical size; water uptake

DMA + OPC (Heintzenberg et al. 2002; Hering and

McMurry 1991; Covert et al. 1990)

(Sorooshian et al. 2008)

Figure 3

Figure 4

Mixing state & morphology DMA + OPC + TEM

(OPC & TEM in

parallel)

(Heintzenberg et al. 2004; Okada and

Heintzenberg 2003)

n DMA + MALS (Dick and McMurry 2007)

Shape (spherical vs. nonspherical) DMA + MALS (Dick et al. 1998; Sachweh et al. 1995)

ρeffective; dm vs. m; D f ; morphology DMA + APM DMA

+ Impactor DMA +

TEM DMA + Mass

Spectrometer Ion

Mobility

Spectrometer

(IMS) + Mass

Spectrometer

(de la Mora et al. 2003; Fernández de la Mora

et al. 1998; Geller et al. 2006; Hering and

Stolzenburg 1995; Kelly and McMurry 1992;

Maricq and Xu 2004; McMurry et al. 2002;

Olfert et al. 2007; Park et al. 2003a; Skillas et

al. 1998; Slowik et al. 2004; Stein et al. 1994;

Wyttenbach and Bowers 2007); Figure 5

ρparticle DMA + APM +

TEM

(Park et al. 2004c; Park et al. 2004d)

dcm/d log dm ; cm DMA (SMPS) +

APM

(Park et al. 2003b)

Elemental composition of ultrafine

particles

DMA + NAA (Neville et al. 1983)

Nanoparticle composition DMA + TDCIMS (Smith et al. 2008; Smith et al. 2005; Smith

et al. 2004; Voisin et al. 2003)

Composition of individual

mobility-classified particles

DMA + APM +

ATOFMS (APM &

ATOFMS in

parallel)

Figure 6

Figure 7

Size-dependent cloud activation

efficiencies

DMA + CCN (Bilde and Svenningsson 2004; Corrigan and

Novakov 1999; Cruz and Pandis 1997;

Petters et al. 2007; Bilde and Svenningsson

2004; Corrigan and Novakov 1999; Cruz and

Pandis 1997; Petters et al. 2007)

intercomparisons of different measures of size which can be

helpful when merging data obtained using different measure-

ment principles into a single, self-consistent measurement of

size distribution. The measurements that are summarized in

Table 4 include those that determine relationships between mo-

bility diameter and light scattering intensity, mobility diame-

ter and mass, mobility diameter and agglomerate or nanowire

volume, and mobility diameter and aerodynamic (or vacuum

aerodynamic) diameter. Such measurements can also be used to

provide information on mixing state (mobility size vs. relative

proportions of “bright” and “dark” particles; mobility size vs.

categories of particles sorted according to composition; mobil-

ity size vs. the proportions of spherical and nonspherical parti-

cles; mobility size vs. the proportion of “low” and “high” mass
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806 K. PARK ET AL.

TABLE 5

Measurements of particle physical/Chemical Properties: TDMA systems

Properties Instruments References

Water uptake; mixing state HTDMA (Liu et al. 1978; McMurry and Stolzenburg

1989; Swietlicki et al. 2008)

Vapor pressure/volatility; mixing state VTDMA (Orsini et al. 1999; Philippin et al. 2004;

Rader et al. 1987; Riipinen et al. 2007;

Sakurai et al. 2003b; Tao and McMurry

1989; Villani et al. 2007)

Reactivity RTDMA (Gupta et al. 1995; Holm and Roberts 2007;

Liao et al. 2006; Liao and Roberts 2006;

McMurry et al. 1983; Zhang et al. 2008a)

Sintering or fusion of agglomerates TDMA (Cho et al. 2007; Nakaso et al. 2002)

Morphology & elemental

composition-dependent water uptake

HTDMA + TEM (McMurry et al. 1996)

Volatile mass fraction vs. T VTDMA + APM (Sakurai et al. 2003a)

Effective density vs. RH HTDMA + APM (Zhang et al. 2008b); Figure 8

Density vs. extent of volatilization;

Density of evaporated mass

VTDMA + APM Discussion

Dependence of composition on

volatilization

VTDMA + ATOFMS Figures 9 and 10

Cloud Activation of Coated Particles RTDMA + CCN (Abbatt et al. 2005; Cruz and Pandis 1998)

particles, etc.) Also noteworthy is the use of an APM to mea-

sure the mass of mobility-classified particles in an SMPS sys-

tem: such measurements enable first-principles, in-situ measure-

ments of mass distributions and mass concentrations of particles

smaller than about 0.5 µm mobility diameter, thereby avoid-

ing the positive and negative artifacts that are inherent to filter

sampling.

Table 5 summarizes particle physical/chemical properties

that have been measured using methods that involve TDMA sys-

tems. TDMA systems have been employed to study the effects of

evaporation (VTDMA), humidification (HTDMA), and chemi-

cal reaction (RTDMA) on particle properties. It is also possible

to use TDMAs in concert with other measurement systems, as

summarized in Table 5 and illustrated in Figure 1. For example,

the use of an APM downstream of a TDMA enables direct mea-

surements of mass changes associated with conditioning. Such

measurements can be especially informative for nonspherical

particles, such as chain agglomerates, where conditioning may

cause mobility to change as a result of changes in both structure

and mass. For example, it has been observed that when vapor

condenses on agglomerates they can collapse to more compact

forms, causing their mobility size to decrease (Weingartner et al.

1997; Zhang et al. 2008b). The APM can quantify the amount

of mass that condensed, thereby enabling quantitative observa-

tions on the relationship between the mass of liquid added and

changes in mobility due to structuring. It is likely that such pro-

cesses affect the properties of agglomerate particles as they un-

dergo processing in the atmosphere. Similarly, when chemically

complex spherical particles undergo volatilization, a distillation

process would be expected, whereby the more volatile species

would be lost first. By combining measurements of mobility

size and mass, it is possible to track the density of the particle

as it evaporates. Single particle mass spectrometers, such as the

Aerosol Time of Flight Mass Spectrometer (ATOFMS), can be

used to directly track changes in composition during such pro-

cessing. The references and tandem methods given in Tables 4

and 5 are illustrative and are by no means comprehensive. For

example, the recent review article on HTDMA measurements

of water uptake by atmospheric aerosols cited more than 140

papers on this topic alone (Swietlicki et al. 2008).

Tandem measurements that have been reported in the litera-

ture for measuring particle properties were briefly summarized

above and are discussed in detail in the references cited in Ta-

bles 3–5. In the remainder of the article we discuss illustrative

results of several new tandem measurements. The examples that

are discussed were chosen because they illustrate new types of

information that can be measured using tandem methods, be-

cause they synthesize diverse results of tandem measurements,

or because they illustrate unexpected limitations that we encoun-

tered when attempting new tandem measurements.

New Tandem Measurements

The new results that will be discussed in this section are

identified in Tables 4 and 5. These measurements include stud-

ies on well-defined laboratory aerosols, particles produced in a

propane flame burner, diesel exhaust particles, and atmospheric

aerosols. The atmospheric measurements were carried out
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during the EPA supersite study in St. Louis (Pandis et al. 2005;

Sioutas et al. 2004; Stanier and Solomon 2006) and at the Jef-

ferson St. site in Atlanta during the ANARChE study (McMurry

and Eisele 2005).

Mobility Diameter Versus Aerodynamic Diameter

Figures 2–5 show new results that contrast different measure-

ments of particle size. Figure 2 shows the relationship between

vacuum aerodynamic diameter measured at 260 Pa with the

ATOFMS and mobility diameter. Data are shown for polystyrene

latex (PSL) spheres and for agglomerate soot particles produced

in a propane diffusion flame burner. Also shown on this figure

are similar results for flame soot obtained using the Aerodyne

AMS (Slowik et al. 2004). In both the AMS and the ATOFMS,

the vacuum aerodynamic size is determined from the terminal

speeds that particles achieve when accelerated through a noz-

zle at about 260 Pa (2 torr) into a chamber at a much lower

pressure. The ATOFMS uses light scattering to determine the

time-of-flight between two lasers located a known distance apart

along the particle’s flight trajectory while the AMS uses the time

required for particles to travel from a particle beam chopper to
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FIG. 2. DMA-ATOFMS measurements of vacuum aerodynamic diameter dv
a

vs. mobility diameter dm for polystyrene latex (PSL) spheres and for flame soot

agglomerates. The value of the slope of the linear relationship between dv
a and

dm for the spherical PSL particles (1.06) is close to the PSL density (1.054 g

cm−3), as expected from theory (DeCarlo et al. 2005). Also shown are data for

flame soot obtained using a DMA and an Aerodyne AMS (Slowik et al. 2004)

(the “type I” particles in that study). The ATOFMS data shown here apply to

lean combustion conditions. Also shown are calculated aerodynamic diameters

at atmospheric pressure for the soot measured in this study.
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FIG. 3. DMA-OPC measurements of count frequency vs. light scattering in-

tensity for 450 nm mobility diameter particles. Data are shown for measurements

in urban St. Louis (July 8 and 9, 2001) and for laboratory measurements of diesel

exhaust aerosol. Note that the optical signature of the diesel exhaust particles is

similar to that for the “dark” particles (i.e., those that scattered relatively little

light and therefore produced a small voltage pulse) that were observed in St.

Louis. On these two days, most of the particles in St. Louis were “bright,” and

likely consisted of sulfate/organic mixtures.
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FIG. 5. DMA-APM measurements of effective density for particles with nom-

inal mobility size of 100 and 300 nm. The data from the 2002 study in Atlanta

are compared with previous measurements in Atlanta and Los Angeles using

the same measurement method. Laboratory measurements for diesel exhaust

particles are also shown. We have categorized the effective densities as “low”

(<1 g/cm3), “intermediate” (1.0–2.0 g/cm3), and “high” (>2.0 g/cm3).

the chemical sensor. Because the AMS does not require optical

detection, its measurements of vacuum aerodynamic diameter

extend to smaller sizes. These results show that the vacuum aero-

dynamic sizes of PSL spheres measured by the ATOFMS are in

excellent agreement with the expected values. However, for the

soot agglomerates the vacuum aerodynamic sizes measured by

both the AMS and ATOFMS are nearly independent of mobility

size over the 100–800 nm size range investigated. This is be-

cause the terminal velocity that determines these aerodynamic

sizes depends on the particle acceleration (i.e., aerodynamic drag

force per unit mass) within the jet. In the limiting case that pri-

mary particles in an agglomerate were not shielded by their

neighbors, each individual primary particle would experience

the same force and the agglomerate’s terminal velocity would

equal that for an isolated single primary particle independent

of the agglomerate’s size. The sizes of the primary soot parti-

cles in our measurements were in the 30–35 nm range, so this

limiting case argument does not hold exactly for these agglom-

erates. However, the observation that the vacuum aerodynamic

size is nearly independent of mobility size (which, we know, is

a strong function of the agglomerate mass) shows clearly that

the acceleration force per unit mass is nearly independent of

the agglomerate size. Also shown in Figure 2 are aerodynamic

diameters at atmospheric pressure calculated from mass and mo-

bility size using the equation given in Table 3. The aerodynamic

size at atmospheric pressure increases from 140 nm to 193 nm as

mobility sizes increase from 386 to 768 nm. This 38% increase

is significantly greater than the 11% increase observed for the

vacuum aerodynamic diameter, which increased from 111 to

123 nm as mobility diameter increased from 386 to 768 nm, but

still not sufficient for enabling clear separations using aerody-

namic classification. Using Monte-Carlo calculations, Barone

et al. (2006) also showed that the aerodynamic diameter of the

agglomerate is independent of the number of primary particles

that compose an agglomerate (i.e., agglomerate mass) (Barone

et al. 2006).

The results shown in Figure 2 have important implications

for the characterization of atmospheric aerosols. The aerody-

namic sizes of these agglomerates, whether measured at low

or atmospheric pressure, provide virtually no information about

particle mass or diffusivity (which varies in proportion to mobil-

ity). Aerodynamic classifiers such as impactors are often used to

sample atmospheric particles, and aerodynamic size is also used

in size-selective inlets. In a properly functioning impactor, for

example, virtually all of the soot should be collected on one or at

most two stages even though the masses of individual agglom-

erate particles could vary over more than an order of magnitude.

Since lung deposition of ultrafine particles (<100 nm) is more

likely to be determined by particle diffusivity than inertia, it

follows that inertial classifiers provide little useful information

on the health effects of such particles. On the other hand, the

clear separation of mobility-classified agglomerates from more

compact particles in instruments such as the Aerodyne AMS is

a powerful tool for identifying particles according to type.

Mobility Diameter Versus Optical Diameter

Figure 3 shows the results of light scattering measurements

carried out with a PMS Lasair Model 1002 optical particle

counter (OPC) on mobility-classified 450 nm particles in St.

Louis. These pulse height distributions were obtained by using

a multichannel analyzer (MCA) to categorize pulse heights pro-

duced by the OPC’s photodetector. Our measurement protocol in

St. Louis involved sampling mobility-classified 450 nm particles

with the OPC for the first ten minutes of every hour during the 2-

year measurement campaign. Illustrative results for the St. Louis

aerosol are compared with pulse height distributions from labo-

ratory measurements of diesel exhaust particles. A John Deere

4050 engine operating at 50% load with 400 ppm S fuel was
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TANDEM MEASUREMENTS OF AEROSOL PROPERTIES 809

used in this study. Note that the ambient aerosols produce two

distinct peaks, as has been observed previously (Covert et al.

1990; Heintzenberg et al. 2002; Heintzenberg et al. 2004; Her-

ing and McMurry 1991; Okada and Heintzenberg 2003). The

amount of light scattered by the urban St. Louis particles in the

smaller voltage peak is similar to that scattered by the diesel

exhaust particles. This is consistent with the hypothesis that the

“dark” particles in St. Louis are primary soot agglomerates. The

“bright” particles likely consist of liquid spheres that consist pri-

marily of sulfates and organics (Dick and McMurry 2007; Dick

et al. 2000; Okada and Heintzenberg 2003).

The response of the PMS Lasair 1002 OPC to PSL and dioctyl

sebacate (DOS) spheres and to mobility-classified diesel exhaust

particles is compared in Figure 4. Note that for particles of a

given mobility size, the PSL systematically scatters more light

than the DOS. This is because PSL has a higher refractive in-

dex than DOS. Also, PSL and DOS both scatter considerably

more light than diesel exhaust particles of the same mobility

size. In principle, calibrations such as these can be used to es-

tablish the relationship between the light scattering response

of OPCs to particles of known mobility size. Such calibrations

can be done for particles of arbitrary shape and composition,

thereby enabling the direct measurement of mobility distribu-

tions with OPCs. However, as was shown for the externally-

mixed St. Louis aerosol in Figure 3, there may not be a unique

relationship between mobility size and optical response. In such

a case, determining the relationship between mobility size and

OPC response would require routine parallel measurements of

the proportions of each particle type. The fact that a large frac-

tion of the submicrometer particles scatter too little light to be

detected by an OPC would also complicate such measurements.

Mass-Mobility Relationships (Effective Density)

Figure 5 shows effective densities of nominally 100 nm and

300 nm mobility diameter urban Atlanta particles measured us-

ing the DMA-APM technique. For comparison, data for urban

Los Angeles particles (Geller et al. 2006) and diesel exhaust

particles (Park et al. 2003a) measured using the same method

are also shown. These effective densities are defined as mass

measured by the APM divided by volume calculated assuming

that the mobility-classified particles are spheres. If the parti-

cles are spheres, then the effective density equals the true den-

sity. If particles are not spherical, then the calculated volume

exceeds the true volume and the effective density is less than

the true density. Because two or three distinct masses are typi-

cally detected for particles of a given mobility size, these data

provide information both on mixing characteristics and on the

relationship between mobility size and mass. The “low den-

sity” particles likely consist primarily of agglomerate soot, while

the intermediate density particles likely consist of primarily or-

ganic/sulfate mixtures. The densities of particles measured in

Atlanta during 2002 extended to values that were higher than

were observed previously, and we are not sure about the com-

position of those particles, but the results of the two Atlanta

studies and the Los Angeles study are otherwise qualitatively

consistent. We have carried out calculations to confirm that the

high density particles are not an artifact of multiple charging

(McMurry et al. 2002). The effective densities of the 100 nm

particles in all three urban studies and the effective density of

the 300 nm particles in Los Angeles extended to values that

were lower than were measured for diesel soot in the labora-

tory. This could reflect differences in emissions characteristics

of vehicle fleets when compared to the single engine used in

the laboratory study. It is also possible that the particles with

the lowest effective densities are emitted by a different type of

source.

Mobility-Mass-Chemical Composition

Figure 6 shows the response of an ATOFMS when sampling

500 nm mobility diameter particles from the exhaust of a Cater-

pillar C-12 heavy duty diesel engine operating at 20% load and

1200 rpm. As shown in Figure 6a, these particles are cleanly

separated into two groups, one with vacuum aerodynamic diam-

eter peaking at 108 nm and the other with vacuum aerodynamic

diameter peaking at 580 nm. The compositions of these two cat-

egories of particles are distinctly different. Those with the small

vacuum aerodynamic sizes contain primarily soot, while those

with the larger vacuum aerodynamic diameters contain species

associated with lubricating oil. Thus, by using an ATOFMS to

sample mobility-classified particles, it is possible to learn about

composition-dependent mixing characteristics.

Figure 7 shows measurements obtained using the ATOFMS

to sample particles of 300 nm mobility size that had been pre-

classified by a DMA and an APM. Measurements were done

using particles consisting of mixtures of sulfuric acid and am-

monium sulfate in molar ratios ranging from 0:1 to 1:0. As the

particles became more acidic, the ATOFMS spectra show peaks

at masses +59 and +99, which are not associated with either

sulfuric acid or ammonium sulfate. Furthermore, the intensi-

ties of these peaks varied approximately linearly with the mole

fraction of sulfuric acid in the sampled particles. Separate mea-

surements on particles made by atomizing the ferrofluid used in

the APM rotating seals show that those masses are associated

with that fluid. We hypothesize based on the ATOFMS spectra

that the contaminant species is a semi-volatile secondary amine

species; this class of species is often used in ferrofluids as an

anti-oxidant. Because the intensity of this artifact signal is so

strong, we have been unable to carry out ATOFMS measure-

ments of composition for atmospheric particles that were first

classified by mass with the APM.

Mobility-Hygroscopicity (or Volatility)-Mass-Chemical Com-

position

Figure 8 shows in situ measurements of particle density for

urban Atlanta aerosols as a function of relative humidity. These

measurements were obtained using a HTDMA to measure the

dependence of relative humidity on size, and an APM to measure
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810 K. PARK ET AL.

FIG. 6. DMA-ATOFMS measurements of 500 nm mobility diameter particles from the exhaust of a Catepillar C-12 heavy duty diesel engine. Note that when

classified according to vacuum aerodynamic diameter, dv
a , these particles separate cleanly into two groups with distinctly different compositions. Those with smaller

dv
a consist primarily of carbon soot. Those with larger dv

a consist primarily of sulfates and metals.

the corresponding mass of particles after they had absorbed wa-

ter. The densities shown in this figure apply only to the “more

hygroscopic” particle fraction (McMurry and Stolzenburg 1989)

and were calculated assuming that particles were spherical,

which should be reasonable given that their densities exceed

1 g/cm3 (so they probably are not agglomerates) and that they

contain significant amounts of water. The densities decreased

from 1.5–1.7 g/cm3 at low RH to around 1.2–1.4 g/cm3 at 80%

RH. To our knowledge, these are the first direct measurements

of the density of hygroscopic atmospheric particles.

Since we are able to measure the mass of particles after and

before water uptake using the HTDMA-APM technique, it was

also possible to estimate the water mass fraction. If the water

mass in particles classified by DMA1 at ∼7% RH is negligible,

this would provide a reasonable estimate of the water mass in

particles at 80% RH. The mass fraction of water for 100 nm

“more hygroscopic” particles varied from 45–48% at 80% RH,

which is lower than the mass fraction of water that is thermody-

namically predicted for pure ammonium sulfate particles (56%)

or pure sulfuric acid (74%) at 80% RH. For 300 nm particles, the

mass fraction of water at 80% RH was 61–67%, which is higher

than expected for pure ammonium sulfate particles but smaller

than for pure sulfuric acid particles. It is likely that organic

compounds are responsible for the absorption of some of this
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FIG. 8. HTDMA-APM measurements of effective densities of atmospheric

particles measured in urban Atlanta (2002) along with thermodynamic predic-

tions for pure ammonium sulfate and sulfuric acid particles as a function of

relative humidity.

water (Dick et al. 2000; Saxena and Hildemann 1996; Saxena

and Hildemann 1997). Atmospheric particles also likely contain

nonhygroscopic species, such as soot, metal oxides, or hydro-

carbons, that do not absorb water. The presence of such species

would reduce the mass fractions of water. On the other hand, the

absorption of water by very hygroscopic inorganic species such

as NaCl and KCl, or into voids or pores in particles would cause

water mass fractions to exceed values calculated for sulfates or

sulfuric acid. Measurements of this type should eventually en-

able a quantitative understanding of the relationship between the

amount of water in multicomponent atmospheric particles and

their composition. Again, we believe these are the first direct in

situ measurements of water mass in atmospheric particles.

Density measurements of “less hygroscopic” particles

demonstrated that particles having effective densities of 0.21–

0.87 g/cm3 at 80% RH were among the “less hygroscopic” par-

ticles. The mass fraction of water for 100 nm “less hygroscopic”

particles, which grew by only 3% in mobility size when humidi-

fied to 80% RH, was about 5%. There is no obvious relationship

between the observed change in mobility size and the change in

mass associated with water uptake for these particles, which are

presumably agglomerates.

Several VTDMA measurements were carried out in Atlanta

to study the effect of evaporation on particle density and com-

position. These measurements involved classifying particles of

100 or 300 nm with DMA1, heating them to a known tem-

perature in the 25 to 300◦C range for a known period of time

(∼200 ms), determining the resulting mobility size with DMA2,

and measuring the mass (APM) or composition (ATOFMS) of

the DMA2-classified particles. When heated, mobility-classified

particles typically separated into two clearly distinct mobility

sizes for heater temperatures above about 150◦C; similar results

have also been observed by others (Philippin et al. 2004; Villani

et al. 2007). Above this temperature the “less volatile” particles

reached an asymptotic size and the decrease in mobility size for

these particles ranged from 0 to 5 nm, while the “more volatile”

particles continued to evaporate as temperature increased. Tan-

dem measurements of mass with the APM and composition with

the ATOFMS provided information on the effect of heating on

effective density and composition. This approach also permits

measuring the chemical makeup of particles that were segre-

gated according to volatility.

By dividing the decrease in mass by the decrease in volume

(assuming that particles were spherical), the effective density

of evaporated mass can be found from VTDMA-APM mea-

surements. We carried out exploratory VTDMA-APM measure-

ments on the “more volatile” particle fraction during the 2002

Atlanta study. We reasoned that, due to their high abundances

and their effective densities in the 1.5 g/cm3 range, these parti-

cles were probably liquid spheres. If so, the measured effective

densities would equal true material densities. We found that for

300 nm particles, the effective density of the evaporated mass

was 1.89 g/cm3, which is close to the density of ammonium sul-

fate (1.78 g/cm3) or sulfuric acid (1.84 g/cm3). The effective
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812 K. PARK ET AL.

FIG. 9. VTDMA-ATOFMS measurements of comparison of averaged (a) positive and (b) negative ion mass spectra for “more volatile” and “less volatile” 300 nm

mobility diameter particles in urban Atlanta on August 20, 2002.

density of the evaporated mass for 100 nm particles ranged

from 1.25 g/cm3 to 1.45 g/cm3. Lower density species such

as n-alkanes in lubricating oil have densities in the range of 1.0

g/cm3, while densities of secondary organics (Lim and Turpin

2002; Ziemann 2002), and high molecular weight oligomeric

materials (Kalberer et al. 2004) are in the range 1.0–1.6 g/cm3.

These species would volatilize at temperatures below 300◦C.

These measurements show that the VTDMA-APM method is

a promising approach for measuring changes in aerosol prop-

erties as they evaporate, and these are the first such results to

be reported. More systematic studies of this type in a variety of

locations are needed to understand how properties of volatilized

mass vary with location, particle size, and particle composition.

We also used the VTDMA-ATOFMS to measure the chemi-

cal compositions of 300 nm “more volatile” and “less volatile”

atmospheric particles separated at a conditioner temperature of

150◦C by the VTDMA. Illustrative results of these exploratory

studies are shown in Figure 9, which shows averaged spectra of

FIG. 10. VTDMA-ATOFMS measurements of average mass spectra for the four types of “less volatile” 300 nm mobility diameter particles in urban Atlanta on

August 20, 2002: (a) “Soot or EC” (14%), (b) “PAH” (22%), (c) “K, sulfate, CN compounds, and organics” (57%), and (d) “oxidized metals” (7%).
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more and less volatile particles in Atlanta. There are clear quali-

tative differences in these spectra. Elemental carbon, potassium,

oxidized organics, and organic nitrates are more abundant in the

“less volatile” particles, while ammonium, ammonium sulfate,

sulfate, phosphate, and phosphoric acid are more abundant in the

“more volatile” particles. As was mentioned above, VTDMA-

APM measurements showed that the effective density of the

evaporated mass from the “more volatile” 300 nm particles was

close to the density of ammonium sulfate, which is consistent

with these chemical composition data. Based on ATOFMS mea-

surements, we grouped the “less volatile” particles into several

distinct particle types: “Soot or EC,” “PAH,” “K, sulfate, CN

compounds and organics,” and “oxidized metals” with domi-

nantly Al and Ti as shown in Figure 10. Observations from the

Prather group were used to distinguish between EC and OC

(Spencer and Prather 2006). The average fractions of these par-

ticle types were: Soot or EC (14%), PAH (21%), K, sulfate, CN

compounds and organics (57%), and oxidized metals (7%).

CONCLUSIONS

Measurements of mobility size in tandem with other prop-

erties enable a far more detailed characterization of aerosol

physical and chemical properties than can be achieved with one

measurement alone. Indeed, such techniques are moving aerosol

measurement towards the ideal envisioned by Friedlander nearly

four decades ago, when he discussed the need for instrumenta-

tion to measure an aerosol’s composition probability density

function (Friedlander 1970, 1971). Such measurements can es-

tablish relationships between different measurements of size,

can provide information on particle properties such as shape,

density, vapor pressure and reactivity, and can quantify vari-

abilities in properties among particles of a given mobility size.

Such measurements also enable quantitative investigations into

the effects on properties of aerosol processing by chemical reac-

tions, vapor condensation or evaporation. It is likely that many

additional tandem measurement methods will be developed in

the future.
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ping, D., Weingartner, E., Baltensperger, U., Rissler, J., Wiedensohler, A.,

and Kulmala, M. (2008). Hygroscopic Properties of Sub-Micrometer Atmo-

spheric Aerosol Particles Measured with H-TDMA Instruments in Various

Environments—A Review, Tellus Series B—Chemical and Physical Meteo-

rology doi: 10.1111/j.1600–0889.2008.00350.x.

Szymanski, W. W., and Liu, B. Y. H. (1986). On the Sizing Accuracy of Laser

Optical Particle Counters, Part. Charact. 3:1–7.

Tammet, H. (1995). Size and Mobility of Nanometer Particles, Clusters and

Ions, J. Aerosol Sci. 26:459–475.

Tao, Y., and McMurry, P. H. (1989). Vapor Pressures and Surface Free Energies

of C14 to C18 Monocarboxylic Acids and C5 and C6 Dicarboxylic Acids,

Environ. Sci. Technol. 23:1519–1523.

Ude, S., and de la Mora, J. F. (2003). Hypersonic Impaction with Molecular

Mass Standards, J. Aerosol Sci. 34:1245–1266.

Ude, S., de la Mora, J. F., Alexander, J. N., and Saucy, D. A. (2006). Aerosol

Size Standards in the Nanometer Size Range II. Narrow Size Distributions of

Polystyrene 3–11 nm in Diameter, J. Colloid & Interface Sci. 293:384–393.

Ude, S., and Mora, F. D. L. (2005). Molecular Monodisperse Mobility and Mass

Standards from Electrosprays of Tetra-Alkyl Amonium Halides, J. Aerosol

Sci. 36:1224–1237.

Villani, P., Picard, D., Marchand, N., and Laj, P. (2007). Design and Validation

of a 6-Volatility Tandem Differential Mobility Analyzer (VTDMA), Aerosol

Sci. Technol.41:898–906.

Voisin, D., Smith, J. N., Sakurai, H., McMurry, P. H., and Eisele, F. L.

(2003). Thermal Desorption Chemical Ionization Mass Spectrometer for

Ultrafine Particle Chemical Composition, Aerosol Sci. Technol. 37:471–

475.

von Helden, G., Hsu, M.–T., Kemper, P. R., and Bowers, M. T. (1991). Structures

of Carbon Cluster Ions from 3 to 60 Atoms: Linears to Rings to Fullerenes,

J. Chem. Phys. 95:3835–3837.

Wang, X. (2002). Optical Particle Counter (OPC) Measurements and Pulse

Height Analysis (PHA) Data Inversion, in Mechanical Engineering, Uni-

versity of Minnesota, Minneapolis, MN, 151.

Weingartner, E., Burtscher, H., and Baltensperger, U. (1997). Hygroscopic

Properties of Carbon and Diesel Soot Particles, Atmos. Environ. 31:2311–

2327.

Wyatt, P. J., Schehrer, K. L., Philips, S. D., Jackson, C., Chang, Y.-J., Parker,

R. G., Phillips, D. T., and Bottiger, J. R. (1988). Aerosol Particle Analyzer,

Appl. Opt. 27:217–221.

Wyttenbach, T., and Bowers, M. T. (2007). Intermolecular Interactions in

Biomolecular Systems Examined by Mass Spectrometry. Ann. Rev. Phys.

Chem. 58:511–533.

Zelenyuk, A., and Imre, D. (200). On the Effect of Particle Alignment in the

DMA, Aerosol Sci. Technol. 41:112–124.

Zhang, B., Liao, Y. C., Girshick, S. L., and Roberts, J. T. (2008a). Growth of

Coatings on Nanoparticles by Photoinduced Chemical Vapor Deposition, J.

Nanoparticle Res. 10:173–178.

Zhang, R., Khalizov, A., Pagels, J., Zhang, D., Xue, H., and McMurry, P. H.

(2008b). Remarkable Variability in Morphology, Hygroscopicity and Optical

Properties of Soot Aerosols during Atmospheric Processing, Proc. National

Acad. Sci. in press.

Ziemann, P. J. (2002). Evidence for Low-Volatility Diacyl Peroxides as a Nu-

cleating Agent and Major Component of Aerosol Formed from Reactions

of O3 with Cyclohexene and Homologous Compounds, J. Phys. Chem. A

106:4390–4402.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
2
:
4
8
 
7
 
J
u
n
e
 
2
0
1
1


